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ABSTRACT 
SELF-ASSEMBLY AND CHARACTERIZATION OF Ge QUANTUM 
DOTS ON Si BY PULSED LASER DEPOSITION
Mohammed S. Hegazy 
Old Dominion University, 2007 
Director: Dr. Hani Elsayed-Ali
Self-assembled Ge quantum dots (QD) are grown on Si(1 0 0 )-(2 x l)  by pulsed 
laser deposition (PLD). In situ reflection-high energy electron diffraction (RHEED) and 
post-deposition atomic force microscopy (AEM) are used to study the growth dynamics 
and morphology o f the QDs. Several films o f different thicknesses were grown at a 
substrate temperature o f 400 °C using a Q-switched Nd:YAG laser (X = 1064 nm, 40 ns 
pulse width, 23 J/cm2 fluence, and 10 Hz repetition rate). At low film thicknesses, hut 
clusters that are faceted by different planes, depending on their height, are observed after 
the completion o f the wetting layer. With increasing film thickness, the size o f the 
clusters grows, and they gradually lose their facetation and become more rounded. With 
further thickness increase, the shape of these clusters becomes dome-like with some 
pyramids observed among the majority o f domes. The effect o f the laser fluence on the 
morphology of the grown clusters was studied. The cluster density was found to increase 
dramatically while the average cluster size decreased with the increase in the laser 
fluence. For a laser fluence o f 70 J/cm2, dome-shaped clusters that are smaller than the 
large huts formed at 23 J/cm2 were observed. At a substrate temperature o f 150 °C, 
misoriented three-dimensional (3D) clusters formed producing only a RHEED 
background. At 400 and 500 °C, huts and a lower density o f domes formed, respectively. 
Above 600 °C, 3D clusters formed on top o f a discontinuous textured layer.
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As an application, pulsed laser deposition is used to fabricate multilayered Ge 
quantum-dot photodetector on Si(100). Forty successive Ge quantum dot layers, each 
covered with a thin Si layer, were deposited. Deposition and growth are monitored by in 
situ reflection-high energy electron diffraction and the morphology is further studied by 
ex situ atomic force microscopy. The difference in the current values in dark and 
illumination conditions was used to measure the device sensitivity to radiation. Spectral 
responsivity measurements reveal a peak around 2  pm, with responsivity that increases 
three orders o f magnitude as bias increases from 0.5 to 3.5 V.
The effects o f laser-induced electronic excitations on the self-assembly o f Ge 
quantum dots on Si(100)-2xl grown by pulsed laser deposition are also studied. 
Electronic excitations, due to laser irradiation o f the Si substrate and the Ge film during 
growth, are shown to decrease the roughness o f films grown at a substrate temperature of 
-120 °C. At this temperature, the grown films are nonepitaxial. However, electronic 
excitation results in the formation o f an epitaxial wetting layer and crystalline Ge 
quantum dots at -260  °C, a temperature at which no crystalline quantum dots form 
without excitation under the same deposition conditions.
Finally, the very early stages o f formation of Ge hut clusters on Si(100) has been 
studied by UHV STM. Growth starts by the formation o f a very low density of 
asymmetric huts with high aspect ratios. Further deposition results in a higher density of 
clusters characterized by their narrow size and height distributions. These clusters are 
almost of the same lateral size as those deposited at lower thicknesses.
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A schematic summarizing the thermal ablation o f solid surfaces
Evolution o f plume by laser ablation o f solid materials: (a) before 
laser interaction, (b) laser absorption and surface temperature rise, 
(c) initial plume emission, (d-f) plume expansion as a function of 
time.
(a & b) The effect o f laser pulse width on plume expansion: (a) fs 
pulses, (b) ns pulses, (c & d) The effect o f laser fluence on plume 
expansion: (c) has more laser fluence then (d).
Mechanisms for formation of particulates: (a) splashing, (b) recoil 
pressure and (c) ffacto-emission [After ref. 1].
A schematic diagram of the PLD system: (1) Target, (2) substrate 
(heated by direct current heating), (3) ablated species “Plume,” (4) 
focused laser, (5) electron probe, (6 ) diffracted electrons, (7) 
electron gun, (8 ) phosphor screen, (9) CCD camera, (10) focusing 
lens, ( 1 1 ) ultrahigh vacuum chamber, ( 1 2 ) substrate manipulator,
(13) target manipulator.
A schematic diagram of the PLD system equipped with UHV STM.
An illustration o f the fundamentals of RHEED. The inset shows two 
kinds o f reflection: transmission-reflection diffraction scattering by 
three-dimensional crystalline island (above) and surface scattering 
from flat surface (below).
RHEED sensitivity for surface structures and reconstructions, (a) 
Si(100)-lxl, (b) Si(100)-2xl reconstructed surface.
Top view describing the origin of diffraction spots according to the 
geometrical model.
Comparison between (a) reflection diffraction from chemically 
cleaned Si(100) sample and (b) transmission-reflection diffraction 
pattern o f Ge QD.
Different possibilities of transmission-reflection diffraction through 
thin crystals and the expected resulting diffraction patterns, (a) 
Transmission through high and wide crystal; (b) transmission 
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crystal; (d) diffraction from nearly flat asperities. [After ref. [9]].
3.6 IMFP o f electrons in Ge as a function o f electrons energy 
[Calculations are based on Ref. [24,25]].
3.7 A schematic diagram represents the transmission-reflection 
geometry of RHEED.
3.8 Comparison of different reflection and transmission RHEED 
patterns and the originating surface structures.
3.9 (a) 3D illustration o f the diamond structure o f silicon showing its 
bonding structure, (b) sketch of the Si(100). [The free demonstration 
version of Crystal Maker1 software was used to create both images].
3.10 Real net o f the Si(100).
3.11 Reciprocal net o f Si(100).
3.12 A RHEED pattern for Si(100)-lxl used to calculate the direction of 
incidence.
3.13 A RHEED pattern for Si(100)-2xl used to calculate the average 
terrace width by calculating the splitting in the (0 0 ) peak.
3.14 Schematic o f the vicinal surface used to calculate the miscut angle.
3.15 Expected XRD pattern o f Ge crystal [The free demonstration 
version o f Diamond software [36] was used to generate these data].
3.16 Transmission RHEED pattern o f Ge QD [obtained at 12 kV 
accelerating voltage].
3.17 Indexed transmission pattern o f Ge QD.
4.1 Schematic diagram of the density of states (DOS) for (a) 3D bulk 
semiconductor, (b) 2D quantum well, (c) ID quantum wire, and (d) 
0D quantum dot.
4.2 Schematics o f the strain relief stages in the Stranski-Krastanov 
growth for the case o f compressive strain: (a) Starting substrate, (b) 
growth o f a psedumorphic smooth wetting layer, (b) formation of 
coherently strained 3D islands that are fully strained at the bottom 
and completely relaxed at the top, i.e. having the film lattice 
constant, (c) introduction o f misfit dislocations in the 3D islands.


























The arrows indicate the direction o f elastic strain relief.
RHEED patterns taken at different thicknesses for deposition at 400 81
°C, 23 J/cm , 10 Hz. Substrate (2x1) reconstruction pattern is shown 
in (a). Growth started epitaxially, as seen in the RHEED pattern 
taken after the deposition o f -3.3 ML shown in (b). At ~4.1 ML, (c), 
elongated transmission features with lines at the position o f the 
second order streaks started to appear. In the pattern at - 6  ML, (d), 
the lines disappeared while the elongation o f the transmission 
features increased. As the thickness was increased, the transmission 
features became well defined and the elongation decreased, as 
observed in (e) taken at -9.3 ML. At -13  ML, the transmission 
features became more round, (f).
Line profile measured along the (200)-(400) connecting line normal 83
to the surface at different thicknesses. The transition from the 
elongated lines to sharp spots is shown.
3D AFM images o f the clusters observed at different film 8 8
thicknesses. Well-defined hut clusters observed at low thicknesses 
(a) and (b). As the film thickness was increased huts became more 
round (c) and (d). Some o f these clusters grew into pyramids (e).
The majority o f clusters grew into domes (f).
Line scans performed across a couple o f hut clusters, where the 89
faceting angles are indicated.
Relation between major and minor lengths o f the Ge QDs formed on 90
Si(100)-2xl at different film thicknesses. The solid line is the best 
fit to the data.
Lateral aspect ratio o f clusters (major length/minor length) as a 91
function of the minor length. The solid line is the best fit to the data.
Height o f the QD as a function of both the major and minor lengths. 92
Solid lines represent the best fits to the data.
Aspect ratio (major length/height) as a function o f major length, 93
fitted by the solid line
Contact angle that the bounding planes make with the substrate as a 94
function o f cluster’s height.
RHEED patterns, AFM scans of three samples deposited at 400 °C, 96
10 Hz and column (a) 23 J/cm2, column (b) 47 J/cm2, column (c) 70 
J/cm2.
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4.13 3D AFM images o f QDs corresponding to the 3 cases o f the above 97
figure and line scans along and across the clusters
4.14 Size distributions o f the clusters formed on three different samples 100
deposited at 400 °C, 10 Hz and column (a) 23 J/cm2, column (b) 47 
J/cm2, column (c) 70 J/cm2. The number o f clusters in the scanned
area, n, the average cluster size, d, the coverage ratio, 9, and the full 
width at half maximum FWHM of the distribution,/, are listed.
4.15 RHEED patterns o f different samples -9-M L thick deposited at 23 103
J/cm2, 10 Hz and different substrate temperatures.
4.16 AFM scans corresponding to the samples o f Fig. 5: (a) 150 °C, (b) 104
400 °C, (c) 500 °C, (d) 600 °C.
5.1 Structure o f a typical QDIP, consisting o f multilayers o f QD 115
sandwiched between the two heavily doped layers o f emitter and 
collector.
5.2 Transitions in quantum confined heterostructures: (a) sub-band to 116
sub-band, and (b) sub-band to continuum.
5.3 Schematics showing the operation principle o f QDIP. 118
5.4 (Top) Side view schematics of the multi-layered Ge QD-based 122
photodetector grown by PLD on Si(100). (Bottom) Top view 
schematics showing the film and the metal contacts.
5.5 (Left) RHEED diffraction pattern o f the Si(1 0 0 )-2 xl substrate. 124
(Right) Transmission pattern formed when the growth of the first Ge
QD layer is completed.
5.6 AFM scan o f the Ge quantum dots. The major axis length 124
distribution is shown as inset [scan area = 1 .1  x 1 .1  pm].
5.7 Histogram showing the size distribution o f the above figure. 125
5.8 A schematic o f the detector characterization setup. 127
5.9 Dark current variation with bias voltage obtained at temperatures o f 128
293.2, 283.2, 273.2, 263.2, 253.2, 160.0, 130.0 and 79.5 K from top
to bottom, respectively. The inset shows a portion o f the dark 
current at 293.2 K and it variation due to device illumination with
14.5 W/cm2 radiation intensity.
5.10 Spectral response at different bias voltages, obtained at an operating 130
temperature o f 79.5 K.
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5.11 Measured and fitted noise variation with bias voltage and the 131
corresponding detectivity (D*), obtained at an operating temperature 
o f 79.5 K.
g j Summery o f all possible results o f the interaction o f laser or electron ^ 5
beams with materials [From Ref. [6 ] with permission2].
6.2 Electron-hole pair generation due to laser absorption. 140
6.3 Side view o f the atomic structure o f Si(100)-2xl. 140
6.4 Electronic-induced bond breaking: (A) two-hole localization at first 141
bond, (B) first bond breaking, (C) two-hole localization at second 
bond, (D) atom ejection due to a phonon kick.
6.5 Schematic o f the laser excitation experimental setup. 143
6 . 6  Measurement o f laser beam parameters: (a) laser pulse width, (b) 144
ablation beam profile, and. (c) excitation beam profile.
g rj RHEED patterns recorded at different deposition times for two ^
samples deposited at -120 °C by ablation laser energy density o f 4.9 
J/cm2, and laser repetition rate o f 50 Hz (a) under no laser 
excitation, (b) under 130±52 mJ/cm2.
6 . 8  (a) RHEED patterns recorded at different deposition times for a 147
sample grown under no laser excitation at temperature o f -260  °C
by ablation laser energy density o f 4.9 J/cm2, and laser repetition 
rate o f 50 Hz. (b) 3D STM image o f the final film
6.9 (a) RHEED patterns recorded at different deposition times for the 148
sample grown under excitation laser of 144±58 mJ/cm2 at -260 °C
under laser ablation fluence 4.9 J/cm2 and laser repetition rate o f 50 
Hz.
^ jq The ratio o f the (111) peak intensity to the background intensity ^
(measured between the (2 0 0 ) and the ( 1 1 1 ) peaks) as a function of 
deposition time.
g j  ̂ The two assumed models for the ellipsometry thickness
measurements.
g Y2 STM images and cluster length distributions for samples grown ^
-260  °C under laser ablation fluence 4.9 J/cm2 and laser repetition 
rate o f 50 Hz under excitation laser fluence of (a) 144±58 mJ/cm [d 
= 1.4x10" cm'2, CR = 10 & 15%], (b) 87±35 mJ/cm2 [d = 1.7x10" 
cm'2, CR = 12%], (c) 50±20 mJ/cm2 [d= 1.7x10" cm'2, CR = 31%].
7.1 Schematics showing the main components o f the PLD deposition 160
chamber equipped with Omicron UHV STM.
2 The figure was redrawn and reorganized after the kind permission from both Dr. Stoneham and Dr. Itoh 
through personal communications.





















Main components inside the PLD chamber: (1) Ge target mounted ^  
on the target holder, (2) substrate holder equipped with direct 
heating, (3) ion gauge filament.
STM scans o f the (a) Si substrate and o f the Ge film after deposition 162
of (b) 20 pulses, (c) 70 pulses, and (d) 220 pulses. The white lines 
show the locations o f the line scans shown in Fig. 7.4. The lines 
marked x and y locate the locations o f the line scans across the QD 
shown in Fig. 7.5. The square in (d) highlights the cluster shown in 
Fig. 7.6.
Line scans measured along the lines in Fig. 7.3. Lines (a), (b), (c), ^
and (d) correspond to Fig. 7.3 (a), (b), (c), and (d), respectively.
Line scans measured along the lines marked x  and y  across the QD 
in Fig. 7.3 (c).
(a) The QD enclosed by the square in Fig. 7.3(d), (b) line scan 
across x, (b) line scan across y.
Aspect ratio, A, of the clusters in Fig. 7.3(d) as a function o f their ^
height, h.
Aspect ratio, A, of the clusters in Fig. 7.3(d) as a function o f their 169
major lengths, lmaj, (red circles) and minor lengths, lmin, (blue 
triangles).
Lateral aspect ratio, L, o f the clusters in Fig. 7.3(d) as a function of 
their minor lengths,
Maximum faceting angle as a function of clusters’ height. 170
(a) Major size histogram and (b) height histogram for the QD shown 171
in Fig. 7.3(d). The most expected length, lm, the most expected 
height, hm, and both FWHM are indicated on the graphs.
Top view o f the PLD system showing the main components: (1) jy^
target holder, (2) convectron gauge, (3) ion gauge, (4) phosphor 
screen, (5) sample (substrate) manipulator, and (6 ) RHEED gun.
Turbo pump with the vent valve highlighted by the circle. j yg
Roughing mechanical pump.
Turbo pump controller: the circle highlights the ON/OFF button. ^y^
Ion pump controller: (1) ON/OFF button, (2) pressure, ionization 1 7 6
current or voltage readout, (3) readout mode selector.
Butterfly valve manual control unit: clockwise closes, while anti- jyy
clockwise opens.
Right angle UHV valve. j yy
Substrate holder: (1) direct heating current connector, (2) ^yy
Thermocouple connector.





















The 8 ” flange holding the substrate manipulator. ^yg
Substrate manipulator: the circle highlights the direct current heated jyg
sample holder.
Direct current heated substrate holder.  ̂y g
Schematics showing the design o f the directing heating substrate jgQ
holder.
Magnetically rotated target holder.  ̂g j
Magnetically rotated target holder: (1) used Ge target, (2) magnetic ,
shield.
Ion gauge controller: the circle highlights the mode selector. j g^
Baking o f the system by high power bulbs and covering the system  ̂g^
by aluminum foil.
The home-made electron gun. (Top) back view showing the 
electrical connections. (Bottom) electron acceleration column. [A: 
anode, F: filament, N: ground, C: cup, X: x-deflector, Y: y-deflector, 
and U (the central connector): focus].
Electron gun control unit, including high voltage power supply, jgy 
potential divider, X and Y deflectors.
Schematics o f the high voltage potential divider.  ̂gg
Lumonics YAG Master (YM) 200 laser system.
External cooling water switch.  ̂g ̂
Mains power supply switch: (OFF) vertical position, (ON) ^
horizontal position.
Local control unit. ^ 2
Image of the PLD system equipped with UHV STM. (1) 48” ^g^
magnetic transporter, (2 ) air compressor to controls the gate valve,
(3) power supply to heat the substrate, (4) bellow to move the 
transporter in X and Y directions, (5) home-made target rotator 
mount on a Z-translator, (6 ) 12” spherical deposition chamber, (7) 
ion pump, (8 ) ion pump controller, (9) convectom gauge, (10) turbo 
pump controller, ( 1 1 ) gate valve, ( 1 2 ) custom-made load lock, (13) 
Omicron bolt-on UH V STM chamber, (14) computer monitor to 
control the STM, (15) optics assembly to direct laser into the 
chamber, (16) shield to protect the system from the Nd:YAG laser.
Gate valve.
Right angle UHV valve connecting the deposition chamber to the ^
STM chamber.
























8 ” flange on the load-lock j
Tip/sample carousel in its housing in the UHV STM bolt-on.
Carousel outside the chamber 
Directing heating sample holder.
Normal sample holder.
Tip holder.
(1) PPM, (2) connection to the Matrix control unit.
SPM preamplifier. ^
Bakeout short circuit plugs. j ̂
Right angle UHV valve connected to the deposition chamber. ^ 9
Wobblestick. 2 qq
Matrix power switch. 2 qq
Communication is still in progress. 2 0 2
Communication is established. 2 0 2
Matrix software icon. 2 0 2
STM mode selection. 2 Q2
STM V-Spec mode selection, highlighted by the circle. 2 0 3
Matrix software interface. 2 9 3
Z regulation panel. 2 9 4




Tip approaching the sample. 2 9 4








Data extracted from Fig. 3.15 and the calculated interplaner 
distances, d, o f the associated planes.
Interplaner distances calculated from the measurement o f spot 
distances in Fig. 3.16.
Comparison o f the calculated and measured values o f angles 
between the index planes.
Summary o f thickness monitor measurements, performed by placing 
the crystal at the location o f the substrate at separate runs.
Summary o f ellipsometry thickness measurements o f three samples 












The study o f the self-assembly and self-organization of nanostructures in 
heteroepitaxial systems is necessary for a fundamental understanding o f the properties of 
reduced-size condensed matter systems and for the development o f quantum dots (QD)- 
based devices [1,2]. From a basic physics point o f view, Ge/Si is a model system for 
studying the growth dynamics o f the Stranski-Krastanow (SK) mode. In such a system, 
growth starts by the formation o f a two-dimensional (2D) wetting layer where the Ge film 
lattice constant adapts to that of the Si substrate [1,2]. However, due to the lattice 
mismatch o f 4.2% between the film and the substrate, an elastic strain arises in the 
wetting layer, which increases linearly with the increase of the film thickness. When the 
thickness o f the wetting layer reaches a critical value, which is estimated to be 4-6 
monolayers (ML) (1 ML = 6.24x1014 atoms/cm2), the film relieves its internal strain by 
three-dimensional (3D) nucleation [2],
The growth dynamics o f Ge QDs on Si(100) was intensively studied for growth 
by molecular beam epitaxy (MBE) [3-8], chemical vapor deposition (CVD) [9,10], and 
liquid phase epitaxy (LPE) [11,12]. For the cases o f  M BE and CVD, 3D nucleation starts 
by the formation of {105}-faceted hut or pyramid clusters [2]. As the film coverage 
increases, multi-faceted domes, faceted by {113} and {102} planes, develop at the 
expense o f the hut clusters. With further increase in thickness, large clusters or super­
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domes start to appear. The shape o f the QDs depends on the deposition technique as well 
as the deposition conditions. When Sb was used as a surfactant in the MBE growth of 
Ge/Si(100), the initial island shape changed from {105}-faceted to {117}-faceted [13]. 
When Ge was grown by liquid phase epitaxy, {115}-faceted islands were first observed 
instead of the {105}-faceted ones. As the coverage was increased, { lll}-faceted 
pyramids were formed [11,12]. However, detailed study of the growth of such a system 
by pulsed laser deposition was not presented before the current work.
PLD is a powerful technique for growing thin films from the vapor phase. A high 
power pulsed laser is focused onto a target of the material to be grown. As a result, a 
plume of vaporized material is emitted and then collected on the substrate. Among the 
interesting features o f PLD are
(i) the high preservation of stoichiometry [15-17];
(ii) its adaptability to grow multicomponent or multilayered films [18,26];
(iii) the ability to grow a thin film out o f any material regardless o f its melting 
point;
(iv) the high energy of the ablated particles may have beneficial effects on film 
properties;
(v) PLD consists o f periods of high deposition rate (on the microsecond time 
scale) followed by periods of no deposition (on the millisecond to the 
second time scale), allowing for surface relaxation that may lead to 
producing smoother films [19].
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The major drawbacks that delay its use in industry are the difficult techniques to achieve 
large area devices. However, some experimental recipes o f producing large-area wafers 
by PLD have been reported [20,21].
From the application point o f view, Ge QDs have interesting mid-infrared optical 
properties [22,23]. Therefore, they have been used in fabricating devices such as mid- 
infrared photodetectors [23-26], thermoelectric devices [27], and enhanced performance 
Si solar cells [28-30]. It was shown that the photo luminescence peak of a single Ge QD 
dot layer changes from 1.3 to 1.6 pm with increasing thickness from 5 to 9 ML [22], 
Such wavelength tunability is one o f the reasons behind the great interest in Ge QD-based 
devices. Generally, QD-based devices consist of tens o f multilayers o f doped or undoped 
QDs separated by spacing layers. Apparently, the first two features o f PLD make it a 
strong candidate for growing multilayered devices. In this case, only targets o f different 
materials in the desired stoichiometry and doping are required without the need for 
residual gases or doping sources. In order to design efficient Ge QD-based devices by 
PLD, a clear understanding of how to control their physical properties through 
controlling the deposition parameters is required. The physical parameters o f QDs depend 
strongly on their shape and size distribution, while the device quantum efficiency is 
affected by the density and spatial distribution o f the QDs. Besides the substrate 
temperature, laser parameters (fluence, repetition rate, and wavelength) are unique 
controlling parameters o f PLD. The density and size distribution o f QDs are mainly 
controlled both by the deposition rate and adatoms’ kinetic energy, which affects surface 
diffusion [31]. In the case o f PLD, adatom surface diffusion is controlled both by the 
substrate temperature and the laser fluence, while deposition rate is mainly controlled by
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the laser fluence and the repetition rate. The spatial distribution depends on the 
homogeneity o f the atomic flux, which is governed by the laser fluence.
This dissertation is based on the journal publications [14,26,32-34] and is 
organized as follows. Chapter II presents an overview of PLD as a thin film deposition 
technique. The chapter also addresses the laser ablation o f matter, the plume 
characteristics, and the problem of particular formation. Elements o f reflection high- 
energy electron diffraction (RHEED), both theoretical and experimental, are discussed in 
chapter III. This chapter also contains detailed calculations o f the Si(100) and Ge(100) 
reciprocal lattices and the indexing of the electron transmission pattern resulting from 
diffraction through the Ge QD formed by PLD. In chapter IV, the growth dynamics of the 
self-assembly of Ge QD on Si(100) by pulsed laser deposition is studied by in situ 
RHEED and ex situ APM. The effects o f the substrate temperature and laser on the 
growth dynamics and the morphology o f the QD are studied. Chapter V presents the 
fabrication, by PLD, and the testing o f a mid-infrared photodetector, consisting o f layers 
o f Ge QD embedded in successive layers o f Si. In chapter VI, the effects o f laser-induced 
electronic excitations on the self-assembly of Ge quantum dots on Si(100)-2xl grown by 
pulsed laser deposition is discussed. Chapter VII presents an in situ UHV STM study on 
the initial formation o f Ge QD huts grown by PLD on Si(100). Each chapter will be self- 
contained, having its own introduction, conclusion and list of references.
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CHAPTER II 
PULSED LASER DEPOSITION 
II. 1. Introduction
Pulsed laser deposition (PLD) is a powerful technique for growing thin films from 
the vapor phase. In PLD, a high-power pulsed laser beam is focused onto a target of the 
material to be grown. As a result, a plume of vaporized materials (atoms, ions, molten 
droplets and even particulates) is emitted and then deposited on the substrate to grow the 
film [1,2]. PLD has proved to be a powerful technique for growing high quality films of 
superconductors [3-6], magnetoresistant materials [7-10], semiconductors [11-15], 
ferroelectrics [16-19] and many others. The following are some of the unique and 
interesting features o f PLD:
(1) Conceptually, it could be used to grow a thin film out o f any material, regardless 
o f its melting point.
(2) In most systems, the stoichiometry o f the grown film is highly preserved [20-21].
(3) The high energy o f the ablated particles may have beneficial effects on the film 
properties. Each type o f the different emitted species has an energy distribution 
depending on the nature o f its particles. Generally, the average energy increases 
as the laser fluence increases; however, such dependence is not yet fully 
understood. The energy could range from <0.1 eV for neutrals thermally desorbed 
at low fluences to 1 keV for ions emitted at higher fluences [22-24],
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(4) It could be easily employed to grow multicomponent/multilayer films and devices 
[25,26] as will be demonstrated in chapter VI.
(5) Most importantly, it consists o f periods o f high deposition rates (1-20 ps) 
followed by periods o f no deposition (on the millisecond or the second scale), 
allowing for surface relaxation that may lead to enhancement o f the properties of 
the grown film [27],
II.2. Laser Ablation o f  Matter
Materials ablation by lasers falls on a continuum between two extremes: thermal 
and non-thermal ablations. In thermal ablation, laser photons are absorbed and the 
resulting heat melts and vaporizes the material. For metal targets, laser absorption by free 
electrons takes place via an inverse Bremsstrahlung mechanism. Thermalization of these 
hot electrons takes place through (i) heat transport into the bulk by thermal diffusion and
(ii) electron-phonon coupling by transferring their energy to the lattice, Fig. 2.1. The 
main parameters o f interest in such an absorption mechanism are the peak surface 
temperature and the volume o f the heated region, both of which are governed by the 
optical properties (reflectivity, R, and absorption coefficient, a), the thermal properties of 
the target (specific heat, C, the vaporization energy, and thermal conductivity, K ), and the 
laser peak intensity, Ip. The rise in the substrate temperature, AT, is calculated using the 
heat diffusion equation:
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where is the FWHM of the laser pulse. Ablation takes place when the laser energy
dumped into the system exceeds a certain threshold to melt and vaporize the target.
Laser
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FIG. 2.1. A schematic summarizing the thermal ablation of solid surfaces
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In the other extreme, non-thermal ablation takes place by a variety o f ways, 
depending on the properties o f the laser and those o f the substrate. Examples o f the non- 
thermal ablation processes are:
(1) Desorption induced by electronic transitions (DIET): Photon absorption takes 
place by valance electrons, which causes their excitation into anti-bonding states. 
This results in the emission of atoms, molecules and ions [28,29].
(2) Collisional sputtering: This is an indirect process, in which plasma formed by 
laser interaction with mater bombards and sputters the surface o f the material
[30].
(3) Hydrodynamic sputtering: In this process, the target’s surface is melted by the 
laser energy forming small droplets. Pressure waves caused by the motion of the 
liquid in the surface result in the ejection o f such droplets from the surface 
[31,32],
(4) Fracto-emission: In this case, particles are emitted from freshly fractured surfaces 
by thermal or mechanical stresses [33],
These non-thermal processes, however, could not completely explain the ablation 
of matter by ultrafast lasers, e.g., femtosecond lasers. This is why this point currently 
receives a lot o f attention. The important parameters determining the effect o f the laser 
pulse length on the ablation process include: the heat diffusivity o f the material, velocity 
of sound and the time scale for electron-electron thermalization and electron-phonon 
coupling, which was shown to be on the order o f ~1 picosecond [34], The important 
thermal processes, which occur in laser ablation, have been shown to be greatly modified 
once the laser pulses are shortened to a picosecond or femtosecond time scale [35,36].
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Due to their better spatial concentration compared to ns pulses, ultrashort (ps and fs) laser 
pulses decrease the required laser (threshold) fluence for ablation, increase the thermal 
gradient in the target, decrease the amount of energy lost to plasma and increase energy 
coupling to vaporize rather than melt the target. A time-resolved microscopic study 
showed that the actual ablation by ultrashort lasers takes much longer than the 
thermalization o f the absorbed laser energy [37]. The same study showed that ablation of 
metals and semiconductors by ps and fs laser pulses occurs on the nanosecond time scale
[37].
It is commonly assumed that the ablation process near the threshold is always 
initiated by the ultrafast melting of the material. However, a recent study on femtosecond 
laser ablation o f silicon reported the occurrence o f several physical processes, depending 
on the laser fluence [38]. These are, arranged in ascendant fluence order, oxidation, 
amorphization, re-crystallization, formation o f bubbles due to boiling below the surface 
and ablation [38], Another study on the physics o f the fs laser ablation o f wide band-gap 
materials reported two different ablation phases: a gentle phase with low ablation rates 
and a strong (etch) phase characterized by higher ablation rates but accompanied by a 
reduction o f the degree o f ionization [39]. Despite the large number o f publications on 
the ablation o f materials by ultrafast lasers, a lot o f information is still missing in order to 
fully understand the physics involved in such a process.
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II.3. Plume characteristics
Exploring the nature o f the plume and its dependence on the properties o f the ablating 
laser is important in order to understand how to control the growth o f thin films by PLD. 
A schematic diagram showing the steps o f the plume evolution is shown in Fig. 2.2. 
Extensive theoretical and experimental work is being performed in order to study all the 
characteristics o f the plume. Among these important characteristics are:
i) Plume expansion: This refers to the spatial expansion of the ablated species 
as a function o f time. It is found to depend on the parameters o f the ablating 
laser (wavelength, pulse width and fluence) [40], target material and ambient 
pressure. The effects o f laser pulse width and fluence are outlined in Fig. 2.3. 
Regarding the laser pulse width, it was shown that fs lasers result in plumes 
with less lateral expansion (or more forward-directed) than those generated by 
the ns lasers [41], Fig(s). 2.3(a) and 2.3(b). However, increasing the laser 
fluence results in sharpening o f the plume due to the interaction between the 
ablated particles [42], Figs. 2.3(c) and 2.3(d). Another interesting study
showed that the plume sharpness increases with the target’s atomic mass [43].
The plume angular dependence was shown to have the form
dN I 1 n I x = a cos f  + b cos <p (2.3)
d  Q
where a, b, and n are material dependents, leading to film thickness variation 
o f the form cos" 0  with n = 3k2 [43,44],
ii) Energy (velocity) distributions: It is understood that the ablated species are 
emitted with very high kinetic energies, ranging between 0.1-1000 eV. Each
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of the emitted species has its own energy (or velocity) distribution. Such 
distributions depend on the laser’s fluence and pulse width as well as the 
target material itself. Regarding the pulse width, ablation by femtosecond 
pulses results in the ejection o f highly energetic particles with velocities that 
can be an order o f magnitude higher than those ablated in the nanosecond 
regime [41]. As for the laser fluence, its increase results in the increase o f the 
ablated particles’ mean velocities [45], Depending on the laser fluence the 
composition o f the plume changes significantly, since it can contain fine 
clusters when the applied laser fluence is much higher than the ablation 
threshold. Furthermore, depending on the composition and density o f the 
plume, the velocity distribution can be described by a one-temperature shifted 
Maxwell-Boltzmann function or a two-temperature (parallel and 
perpendicular) distribution [46].
iii) Effect of background (ambient) gas: The velocities o f the ablated species 
and the expansion dynamics strongly depend on the type and pressure o f the 
background gas [41,47]. For example, the width of the angular distribution of 
Ag ions was found to increase with the Ar background pressure. On the other 
hand, in a He background the plume first narrows for a certain pressure range 
before it widens for higher pressures [47]. It was also shown that the length of 
the plume shortens when the ambient pressure is increased [48].
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FIG. 2.2. Evolution o f plume by laser ablation o f solid materials: (a) 
before laser interaction, (b) laser absorption and surface temperature rise, 
(c) initial plume emission, (d-f) plume expansion as a function o f time.
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FIG. 2.3. (a & b) The effect o f laser pulse width on plume expansion: (a) 
fs pulses, (b) ns pulses, (c & d) The effect o f laser fluence on plume 
expansion: (c) has more laser fluence then (d)
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II.4. Particulates Formation
Despite its simplicity, PLD has some complications. The most challenging (and the 
most interesting, too, from a physics point o f view) is the formation of particulates due to 
splashing of the molten surface layer. Their dimensions range from sub-micron to several 
micrometers [49]. Their crystallinity may vary as well; for example, for laser ablation of 
amorphous Si by ps YAG laser, both crystalline and amorphous particulates have been 
observed [50].
FIG. 2.4. Mechanisms for formation of particulates: (a) splashing, (b) 
recoil pressure and (c) ffacto-emission [After ref. 1],
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Three mechanisms for forming particulates (splashing, recoil pressure and fracto- 
emission) are shown in Fig. 2.4. In splashing, a thin layer o f the surface superheats above 
the vaporization temperature and a molten overlayer is blown off and disintegrates into 
liquid droplets [51-53], However, in recoil pressure, vaporized materials exert some sort 
o f pressure on the molten layer, formed by laser irradiation, and as a result liquid droplets 
are ejected [54], Lastly, ffacto-emission is the process in which emission from the 
microcracks in the target is caused by laser-induced thermal shocks [33].
Some mechanical filters have been used to prevent particulates from reaching the 
substrate; however, none o f them could be considered as a universal solution for such 
problem. Particulates formation is affected by a number o f parameters:
(1) Target density: increasing the target density can minimize the formation of 
particulates [55].
(2) Laser pulse duration and repetition rate: using ultrashort (fs and ps) lasers 
minimizes or eliminates particulates formation due to the lower thermal losses 
compared to the ns pulses, which causes a smaller amount o f molten material and 
liquid droplets in the plume [56-58].
(3) Target surface quality: the probability o f fractures emission from rough surfaces 
is quite high. Therefore, using rotated polished targets minimizes the particulates 
formation by expositing fresh target areas to laser all the time.
(4) Laser wavelength: YBC and BiSrCaCuO films deposited with 1.064 pm were 
rough in contrast to the smoother ones deposited with UV wavelengths [49,59], 
However, the wavelength that yields the best film morphology depends on the 
target material.
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(5) Laser fluence: generally the particulates formation increases with the laser 
fluence. Particulate-free CaZrC>3 films were prepared by 0.64 J/cm2 fluence, while 
SEM showed some particulates for those prepared with the same laser but with 16 
J/cm2 fluence [60].
II.5. Pulsed Laser Deposition Systems
Two PLD systems have been designed and assembled for the current research. A 
schematic diagram of the first system is shown in Fig. 2.5. An ultrahigh vacuum stainless 
steel chamber is used for deposition. With the aid o f both turbo-molecular (Varian, 70 
L/s) and ion (Perkin-Elmer, 300 1/s) pumps, a pressure o f ~ 5 x l0 ' 9 Torr can be reached 
without backing. If  the system is backed, a base pressure o f <1x1 O' 10 Torr could be 
reached. A convectron (reading from 760 Torr down to lxlO ' 3 Torr) and an ion gauge 
(measuring from lx lO ' 3 Torr down to lxlO ' 11 Torr) are used to monitor the pressure at 
the different pressure ranges. A “homemade” sample holder, which is used to mount the 
substrate, was designed to heat the sample by means of direct heating, so that very high 
temperatures could be easily reached. The substrate holder is mounted on a manipulator 
(on a 4.5-inch conflat flange), which enables the azimuthial rotation o f the sample by 
360° and the adjustment o f the sample-target distance. The target is mounted on an 
electrically rotated sample holder with a variable rotation speed. The rotation o f the target 
minimizes the formation o f particulates by exposing a fresh area to the laser all the time; 
thus, the probability o f fracto-emission is minimized. The system is designed so that the
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laser, which enters the system through a 2.5-inch sapphire window, hits the target at ~ 
45°. To monitor deposition, a CW-electron gun (Varian, mounted on 4.5-inch conflat 
flange) is used. An 8 -inch phosphor screen is used to show the electron diffraction 
pattern, which is recorded by a CCD camera and later analyzed by image analysis 
software. A nanosecond Nd:YAG laser (Lumonics, 30-ns, 1064-nm and 1-1000 Hz) is 
used to ablate the Ge targets. More technical details o f such a system are found in 
Appendix A.
The second PLD system is equipped with an in situ UHV STM. A schematic 
diagram of such a system is shown in Fig. 2.6. The system consists o f an evaporation 
chamber, in which thin films could be grown by PLD or MBE. Film growth could be 
monitored by in situ RHEED. The chamber is pumped down to UHV via a roughing 
pump (Varian), a turbo pump (Varian, 70 1/s) and an ion pump (Varian, 300 1/s). This 
chamber is connected to a commercial UHV SPM (Omicron VT SPM) chamber via a 
custom-made load-lock and a gate valve. Samples are transferred between the two 
chambers by means o f a magnetic transporter and a wobble stick. The magnetic 
transporter also serves as a manipulator that holds the sample holder, which is equipped 
with both resistive heating and direct heating mechanisms. For the case o f PLD, the target 
is inserted from the top, while the laser beam enters the chamber from the bottom to 
ablate the target at an incident angle o f -45°. The target is mounted on an electrically 
rotated sample holder with a variable rotation speed. The nanosecond Nd:YAG laser 
(Lumonics, 30-ns, 1064-nm and 1-1000 Hz) is also used to ablate the Ge targets. More 
technical details o f the system are found in appendix B.
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f
FIG. 2.5. A schematic diagram of the PLD system: (1) Target, (2) 
substrate (heated by direct current heating), (3) ablated species “Plume,” 
(4) focused laser, (5) electron probe, (6 ) diffracted electrons, (7) electron 
gun, (8 ) phosphor screen, (9) CCD camera, (10) focusing lens, (11) 
ultrahigh vacuum chamber, (12) substrate manipulator, (13) target 
manipulator.
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FIG. 2.6. A schematic diagram of the PLD system equipped with UHV STM.
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CHAPTER III 
REFLECTION HIGH-ENERGY ELECTRON DIFFRACTION: THEORY 
AND EXPERIMENTAL CALCULATIONS
III. 1. Introduction
Reflection high-energy electron diffraction (RHEED) [1] is a powerful technique 
for studying surface structures o f flat surfaces [2] and surface phase transitions [3-5]. 
RHEED is sensitive to surface phenomena, not only structural changes but also 
deposition, adsorption and growth o f 2D and 3D islands. Therefore, it is widely used as 
an in situ probe to monitor the growth o f thin films both in research and in industry [6,7], 
The concept o f RHEED is quite simple, Fig. 3.1. An accelerated electron beam (5-100 
keV) is incident on the solid’s surface with a glancing angle o f < 3° and is reflected. The 
high energy of the electrons results in the increase in their penetration depth, but because 
of the glancing angle o f incidence, only a few atomic layers are probed. This is the reason 
for the high surface sensitivity o f RHEED. Upon reflection, electrons diffract, forming a 
diffraction pattern that depends on the structure and the morphology o f the probed 
surface area. An example o f the RHEED sensitivity is shown in Fig. 3.2, in which a 
comparison between RHEED patterns obtained from reconstructed and non-reconstructed 
surfaces is shown. Conceptually, perfectly flat surfaces should result in a diffraction 
pattern that consists o f spots arranged on “Laue” rings, Fig. 3.2(b). However, because of 
the non-idealities in both the electron beam and the sample’s surface, streaks appear 
instead of spots, Fig. 3.2(a).
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Most surfaces are not perfectly flat; hence, the diffraction pattern is produced by 
transmission through crystalline 3D structures or surface roughness (asperities); see the 
inset o f Fig. 3.1. Despite the popularity o f RHEED, there is no complete formal theory 
for it. However, a number o f kinematical approaches have been introduced that are useful 
for understanding the basic idea o f RHEED. They are sufficient for the determination of 
the unit cell dimension, crystal orientation and the crystal shape. The lack of a formal 




FIG. 3.1. An illustration o f the fundamentals o f RHEED. The inset shows 
two kinds o f reflection: transmission-reflection diffraction scattering by 
three-dimensional crystalline island (above) and surface scattering from 
flat surface (below).
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FIG. 3.2. RHEED sensitivity for surface structures and reconstructions, (a) 
S i(100)-lxl, (b) Si(100)-2xl reconstructed surface.
III.2. RHEED Setup and Alternatives
The main advantages o f RHEED as a surface science tool are its (1) simplicity 
(both setup and operation), (2) low cost (both price and maintenance), (3) real time (in 
vivo) and in situ surface monitoring ability, (4) high sensitivity to surface changes, and
(5) compatibility with medium and ultrahigh vacuum environments [1,9,10], It may be 
worthwhile to mention that high pressure versions o f RHEED exist [11], in which the 
system’s differential pumping is used and the electrons path in the high-pressure region is 
kept as short as possible.
The average RHEED system consists o f the following components/parts:
(1) Electron gun: it produces, accelerates and collimates nearly mono-energetic 
electron beams with energies in the range 5-100 keV. The continuous wave (CW) 
electron gun is simply a tungsten filament that is heated via a radio frequency (rf) 
source to emit electrons. These electrons are then accelerated to high energies by
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a series o f electrostatic dynodes and are focused by means o f electrostatic or 
electromagnetic lenses. At the end of the accelerating column, two sets of 
electrostatic or electromagnetic deflectors are used to control the movement o f the 
e-beam in two dimensions (see Appendix A for more details about the gun 
design).
(2) Substrate: it is the sample under study that causes the diffraction of the electron
beam.
(3) Phosphor screen: it is used to transform the diffracted electrons into a visible
diffraction pattern. Fast decay phosphor screens may be used for some time 
resolved studies.
(4) Charge-coupled device (CCD) camera: it is used to capture the diffraction
patterns off the phosphor screen. High frame cameras may be used for time
resolved studies.
Detailed information about the surface and the calculation of the surface potential 
could be obtained by obtaining different RHEED patterns at different azimuthal and 
incident angles [12]. Some groups have developed computer-controlled automated 
mechanisms to change the angle o f incidence, via magnetic deflectors, and to record the 
data [13]. Using this technique, thermal surface phonons and some surface transitions 
have been studied [13-15]. Another RHEED alternative that automates the acquisition of 
the rocking curves is the convergent-beam RHEED (CB-RHEED). In such a technique, a 
cone-shaped, focused beam is used instead o f the collimated e-beam [8,16,17]. Hence, it 
is possible to visualize the beam as a collection or ensemble o f non-parallel sub-beams,
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each o f which will result in a separate pattern. Therefore, the resultant pattern from a flat 
surface, for instance, consists o f discs rather than spots in the ordinary RHEED [8 ].
Time-resolved RHEED is an important alternative to RHEED that enables the 
study o f ultra fast surface phenomena, such as superheating, chemical reactions, and even 
the adatoms desorption during thin film growth [19,20]. In such a technique, laser 
interaction with some metal targets (cathode) results in the emission o f the so called 
“photo-activated” e-beam instead of the thermally generated e-beam in ordinary RHEED. 
It is commonly used in pump-probe experiments, in which the laser beam is split into two 
beams, the first o f which is used to pump the sample while the other is used to generate 
the electrons. By controlling the time lag between the two beams, different stages o f the 
surface reactions can be studied.
111.3. RHEED Theory
111.3.A. Geometric Model
The simplest way to describe RHEED is the “geometric model” [1], in which 
diffraction o f a plane wave (of wavevector k) by a single crystal is assumed. No 
interaction mechanism is taken into account in this treatment. Because o f its simplicity, 
this theory is widely used for experimental calculations. In this theory, diffraction results 
when the Laue condition is satisfied, i.e.,
k '  -  k0 - G ,  (3.1)
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where k '  and k0 are the wave vectors for the diffracted and the incident beams, 
respectively, and G is the reciprocal-lattice vector. In the special case o f elastic
sphere is a sphere that has its origin as the origin o f the ko and a radius 1. Hence, the
Laue condition may be re-formalized as “diffraction occurs for all k' connecting the 
origin o f the sphere and a reciprocal-lattice point” [1,10]. The magnitude o f the 
wavevector is given by the relativistic expression
where mo is the electron rest mass, q is its charge and V is the accelerating potential. 
Expression (3.2) is sometimes written as
where the wavelength X is measured in A and V is in volts.
The geometric model is successfully used to calculate the lattice spacing in the 
reciprocal space. A simple way to describe that is to consider Fig. 3.3, which is a top 
view showing the projection o f the reciprocal space. The spots in the RHEED pattern are 
the result o f the intersections o f the Ewald’s sphere with the reciprocal lattice rods. What 
is seen on the phosphor screen is the projection of these spots. By applying the principle
scattering; |fc'| = |&0 1. This condition is satisfied by an infinite number o f k' vectors
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of similar triangles to the two triangles at the bottom of the figure (the shadowed triangle
W a*
and the bigger one), it is easy to see that —  -  -—, . Hence,
L |*0|
Pro jec t ion  o f  l iw a ld ' s  
\  sphere  surface
Screen
Projection o t  
reciprocal lin es
FIG. 3.3. Top view describing the origin o f diffraction spots according to 
the geometrical model.
a =-
2 nW  
AL
(3.4)
where W is the streak separation, and L is the sample to screen distance. Now, changing 
the direction o f incidence by changing the azimuthal angle would result in a completely 
different diffraction pattern, since the Ewald’s sphere would intersect different rods. 
Depending on the lattice structure, most of the azimuths result in non-symmetric patterns.
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The rocking curves and the azimuthal plots, which are obtained by recording the 
intensities o f a certain diffracted beam as a function o f the azimuthal angle, are used to 
determine the atomic arrangement at the surface and surface symmetry [9,10,13,21],
The geometric model is good for a basic understanding o f RHEED. It is also used 
in most o f the RHEED calculations. However, it does not give any description o f the 
mechanisms involved in the diffraction process. The following section is dedicated to 
understanding the physics behind RHEED.
III.3.B. Kinematical and Dynamical Model
The Schrodinger equation for the wavefunction of the scattered wave, yAj), is 
given, in terms o f effective potential U(r), by [1,22]
r - h 2 ^
V2 +V(r) y/{r) = Ey/(r) (3.5)
2m 
Or
( V 2 +U(r) + k02Sjy/(r)  = 0 . (3.6)
where
In almost all scattering problems, we deal with short-range potentials, i.e. 
F ( r )» 0  beyond a certain distance, |r| ~ or, where a is the scatterer size. In all 
applications, including RHEED, we are interested in measuring the scattered electrons far
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away from the scattering center, i.e. | r |»  a , which is realistic since the detector is always 
located at distances much larger than the scattering center. Hence,
(V 2 +k02^y/(r) = 0 . (3.8)
This is the plane wave (free particle) equation that has the eigenfunctions (p{r) = e'k'r and
h2k 1
the eigenvalues E = ------- .
2m
Now, in the neighborhood of the scattering centers, we would like to find the 
modification o f the eigenfunctions in the presence o f the scattering potential. This is the 
well-known scattering problem, which is solved by different techniques [23-25]. Here, I 
will consider the “Lippmann-Schwinger” treatment, which is described in Ref. [23]. We 
start by rewriting equation (3.5) using the “kef ’ notation, viz. [23,24]
(n„  + I/ )|« ') = £ |r >  (3.9)
Or
( E - H , ) \ y , )  = V \¥ ) (3.9*)
Roughly, we may write
W  = ( F ^ ) W  <3'10)
To go around the pole of \ / ( E - H 0) , we may specify a boundary condition to
the solution. We may write 1 / (E  -  H 0 + ie) where we take the limit s  —»• +0 at the end 
o f the calculations. In this notation, the plane wave solution away from the scattering 
center | <p} satisfies the equation H 01 cp} = E  |$>) . Therefore, the solutions must satisfy the
condition | if/') —> | cp) as V —» 0. Therefore, the solution could be written as
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“bra” ( r | ,
( r W )  = (r\<p) + {r\ E _ ^ + i e \ r )  (3-12)
Now, it may be good to refresh our minds with some of the basic properties of the 
bra-ket notation [23]:
(1) The orthogonality o f eigenkets states that (r'\r") = 8 ( r ' - r "),
(2) The completeness, which follows right away from the orthogonality, is written
as I” = 1
(3) From the orthogonality condition, any state | A) could be represented
(4) The quantity ( r ' | ̂ 4) = \f/A ( r ') is the description o f the complex eigenfunction 
o f the positionr',
(5) The inner product o f any two eigenstates is defined as 
(A\B)= ^ ( A \ r ' ) ( r ' \ B ) d r ' =  ')vB(r')dr'
(6 ) The expectation value of M with respect to the state a  is given by 
) = (a  | M  | a'j
Using the third property in Eq. (3.12), we may write
V{r) = <p(r) + ( r \— —^-— - \ y / )  (3.12*)
h, — ii q + is
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Or




V ( r )  = — e- ■ /2 + \ G ( r , r ) V ( r ) y / ( f ' ) d r \  (3.13*)
( 2  7th)
where
G ( f ,? )  = (r \— —j — - I F ) .  (3.14)
E - H 0+is
Equation (3.13’) is called Helmholtz’s equation and is solved by Green’s function 
techniques. The problem, then, is reduced to finding the exact solution for the Green’s
functionG ( r , r ' ) . Using that / / 0 = P / l m , inserting a complete set o f states in momentum
space, and using the completeness property o f momentum, i.e. J” \p ') (p ' \dp '  - 1  we 
may write Eq. (3.14) as,
G ( r V ') =  ^ P )  E - f l 2 m  + i s W ) r P  (315)
Considering the momentum representative (r \ p )  and that p  = - ih  — , it is easy to see
dr
that p ( r \ p )  = - ih -^ - (r  \ p) ,
and then the solution to this differential equation is
( r \ p )  = e ,pr/n. (3.16)
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Hence, it is easy to see that
J r . p m  Y
G(r , r ' )=  J
ir '.plh
(2 x h f 1 E - p 2/2m + i e (2xh)m
1
dp
( 2 T T h f  J
( r —r ^ . p / h
E -  p 2 / i m + is
—dp
Using the spherical polar coordinates fo rp  and donating r - r  - r '
1 co 1 2  x
G ( F ) = < ^ M\2-7tn) o-io
i p r c o s d / a 1
E - p  f l m  + is 
Integrating over 6 and <p, yields
p 2d(  cos 0)dpd(p
G(r) =
2 71
( 2 ^ /z ) ?
1
ipr/ h E - p  j l m  + is
—p  dp
Now, performing the following simplification,
G(r) =
Inti




( 2  Tlfl)
i e W l h  d  r e ~ iprlh
l i r ^ E - p 2/2m + iŝ j ^ i r (^E-p2 /2m + iŝ j
00 „iprm  „ - ip r lh
f—7---------------  r p d p +  ---------------------
o i r y E - p  /2m + is j  ** i r y E - p  /2m + isJ
00 „iprm „ Jprlh
I—  —  - P d p +  f  —  ------   :
o i r y E - p  /2m + i£j i r y E - p  /2m + is
by writing ( - p )  —» p  in the second integral. Hence,
^  2 7th x; e iprlh -2mG {r) = -------- - ----------------------------pdp
(27ih) ir p  -  2mE -  i s '
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r r , = 1 2mi "p____________ p f ^ ____________
( 2 7t h ) 2 r  _ l , ( p - y j 2 m E  -  i s  ' ) ( p  +  - J 2 m E  +  i s ') P  ’ (3 .20)
where there is no need to consider the term i s '  under the square, since it is 
infinitesimally small and will eventually go to zero.
Now, by using the residue theorem and by proper choice of the integration 
contour in the upper half plane to go along the real axis, the integral only has a pole
at p  = yjlmE + is '  - h k  + i s '. Hence, the integration yields 
1 2 m i  . h k e lkrG(n= — 2m (321)
(2/rft) r  2  ( h k  + i s ' )
Now, taking the limit that s ’->0  and arranging,
2 m  ^
Lrv )  = ~ E T -1T   (3.22)
Substituting into Eq. (3.21) into Eq. (3.13) and using r  =  r - r ' ,  we get
e * rr 2 m  r e kV-~-\
¥(L) = z 3 i T ~ T T  Jd | ,\V( l ')¥(r ')dr ' .
{ i n h y  h J 4 7 r \ r - r \
(3.23)
Again, the first term in the above equation simply represents the incident plane 
wave, while the second represents the scattered wave. As mentioned earlier, in RHEED 
experiments, one is interested in the value of i/^r) evaluated at large distances compared
to the dimensions o f the scatterer, i.e., |r — rj « r ,  hence Eq. (3.23) could be written as
[1,22]
pikr 7 m  r
V ( r )  = e ,k- L — ------ —  \e~'k- - V ( r ' ) y / ( r  ' ) d r ' . (3.24)
A n r  n  J
Or
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i //(r) = e - - + -------/ ( & ) , (3.24*)
r
where
1_ 2 m  Je - , , v y ( ( ,) d  ,
4 #  h l  3
(3.25)
is called the scattering amplitude and has the dimension o f length. It is related to the 
scattering differential cross section by the relation
The scattering current scattered into a solid angle d£2 in the direction o f (0,0) per unit 
current density in the incident wave is given by [1 ,2 2 ]
To calculate the intensity distribution in the diffraction pattern in RHEED 
experiments, the effective potential should be assumed and the scattering amplitude 
integral (3.25) should be evaluated.
The so-called “kinematical theory” evolves when the Bom approximation is used 
[1 ,2 ,2 2 ], i.e. the wave function inside the crystal is assumed to be that o f the incident
wave or (i' / ( r ' )  =  e ‘k(>r . In this case, Eq. (3.25) is written as
with K  = k ’ - k o ■ In other words, the scattering amplitude is the Fourier transform of the 
scattering potential. A number o f theoretical calculations have been made to calculate the 
scattering amplitude, assuming functional forms for V(r) that take into account the
(3.26)
(3.27)
4 n  3
(3.28)
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periodicity o f the crystal lattice. The main problem with the kinematical treatment is the 
oversimplified assumption that the wave function at the scatterer equals that of the 
incident plane wave, since this assumption overlooks the mutual interaction between the 
crystal and the incident electron beam.
A more elaborate theory, “dynamical theory,” has been introduced to deal with 
the diffraction problem without the oversimplification o f the kinematical theory [22], For 
electron scattering from a crystal, the wave within the crystal may be represented by a 
sum of plane waves
H r ' )  = J ^ V , ( r ' ) e ik,' r' . (3.29)
1=0
Substituting (3.29) into (3.25) and using the Laue condition, k, -  k0 = 2 n l , the scattering 
amplitude could be written as
m  = f l M K l) = - - ± - ' £ j j  (3.30)
^  scatterer
Again in order to find the scattering amplitude, the integrals in Eq. (3.30) have to 
be solved. This difficulty is the reason why dynamical theory is not frequently used for 
analyzing RHEED data.
III.4. Transmission RHEED
In practice, most surfaces have three-dimensional features that differ in shape and 
height, which form during thin film deposition or chemical etching. Therefore,
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transmission diffraction through these features or structures is important [9,26], The 
reflection (from relatively flat surfaces) and the transmission-reflection (3D structures) 
diffractions could be distinguished from the shape o f the resulting diffraction pattern. The 
reflection diffraction pattern consists o f spots (or streaks) that lie on arcs (the Laue rings), 
Fig. 3.4(a). On the other hand, in transmission-reflection diffraction, diffraction spots (not 
lines) lie along straight lines, Fig. 3.4(b). As the size o f the crystal through which 
transmission occurs gets smaller, the diffraction spots gets broader. “A rough clean 
surface that is subsequently made smoother (by annealing or growth) initially shows 
spots (transmission pattern), then streaks, and finally sharp spots on arcs, if  the surface 
can be made sufficiently well structurally” [9].
Figure 3.5 summarizes the four different possibilities o f diffraction from thin 3D 
shapes and roughly predicts the resulting diffraction patterns [9], Fig. 3.5(a) illustrates 
transmission through a high and wide 3D structure. In this case, a sharp transmission 
pattern, consisting o f circular spots, is expected. For a high but narrow structure, 3.5(b), 
diffraction spots broaden parallel to the surface of the substrate. However, if  the structure 
is short but wide, 3.5(c), the broadening o f the spots will be normal to the substrate 
surface. Finally, for surfaces with flat terraces, 3.5(d), a combination o f a reflection 
pattern superimposed on a transmission pattern is expected. This gives rise to a streaky 
reflection diffraction pattern. The shape o f the transmission-reflection diffraction spot, 
therefore, is an indication o f the shape of the 3D structure on the surface. Calculation of 
the 3D structure size from the diffraction pattern is, in most cases, not accurate because 
of two factors: 1) shadowing and 2) attenuation. For high density, 3D structures shadow 
each other both in the incident and the exiting beams. Attenuation not only acts to reduce
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the intensity o f the transmitted beam but also introduces distortion to the beam shape if 
the asperity shape is not uniform. We are interested in studying the transmission 
diffraction from Ge quantum dots (QD). Therefore, we will focus our attention on that in 
the following discussion.
FIG. 3.4. Comparison between (a) reflection diffraction from chemically 
cleaned Si(100) sample and (b) transmission-reflection diffraction pattern 
of Ge QD.
RHEED is characterized by the small (glancing) angle o f incidence that is 
responsible for (i) the very small electron momentum component normal to the surface 
(as compared to the parallel one) and (ii) the forward scattering o f the e-beam [10]. These 
two characteristics act to enhance the transmission of the e-beam through the 3D 
structures, such as QD, resulting in transmission patterns. Such patterns consist o f bright
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spots, arranged on lines parallel to the sample surface rather than rings, as is the case with 
reflection patterns. These patterns can give some useful structural information about the 
3D structures.
M l  * ,  •
M l  I I
FIG. 3.5. Different possibilities of transmission-reflection diffraction 
through thin crystals and the expected resulting diffraction patterns, (a) 
Transmission through high and wide crystal; (b) transmission through high 
and narrow crystal; (c) that through short and wide crystal; (d) diffraction 
from nearly flat asperities. [After ref. [9]].
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However, the e-beam penetration through these structures is governed by the so- 
called inelastic mean free path (IMFP), which is defined as the average distance an 
electron traverses between successive inelastic collisions [27]. The value o f the IMFP in a 
given material depends on the e-beam kinetic energy and the material’s parameters 
(mainly, density and atomic number). Generally, the IMFP is given by [27-29],
,2 r _ !  c  d y  ( 331)
e p E £ 2
where Aj is the IMFP, E  is the electron energy, E p = y j p N j M  is the generalized 
plasmon energy, N v is the number of valence electrons, p  is the density o f the material 
and M is the atomic mass. The constants (3, y, C, and D are material dependent and can be 
estimated from some empirical or semi-empirical expressions [28]. For energies >100 
eV, the above equation may be approximated as [27],
4 = - r - ^ — > <3-32)E 2p p\n(rE)
Figure 3.7 shows the IMFP electron energy curves calculated for Ge using 
different modifications o f Eq. (3.31). The constants |3, y, C, and D are calculated from 
empirical relations given in Ref. [28], From the figure, the IMFP in Ge 3D structures, at 
12 keV, is 15±4 nm.















FIG. 3.6. IMFP o f electrons in Ge as a function o f electrons energy 
[Calculations are based on the data from Ref. [28,29]]
Figure 3.7 simplifies the geometry of transmission RHEED through surface 
roughness and crystalline 3D structures. Constructive interferences (or transmission 
spots) also follow Bragg’s condition. For small angles o f incidence, 0 ,  sin9 = 0 ;  and 
hence Bragg’s condition may be approximated as [30],
2dhkl-&hkl = A .  (3.33)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
51
2 0
FIG. 3.7. A schematic diagram represents the transmission-reflection 
geometry o f RHEED.
Considering the geometry in Fig. 3.7, 9  can be written in terms o f Z (origin-to- 
spot distance Z on screen) and L (sample-to-screen distance) as 
Z
2 $\ki ~ ^  >
Substituting Eq. (3.34) into Eq. (3.33),
_ AL
hkl ~  ’
(3.34)
(3.35)
Each o f the transmission spots accounts for a given plane (hkl) in the diffraction 
zone, which is the set o f all planes normal to the e-beam direction o f incidence and result 
in transmission conditions. All planes in the zone must satisfy the zone equation [30], 
hu + k v + l w = 0 ,  (3.36)
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where (hkl) is any plane located in the [uvw\ zone. The axis normal to the diffraction 
zone is parallel to the e-beam direction o f incidence and is called the zone axis. It is very 
useful in the process o f indexing the transmission patterns, as will be described and 
calculated in detail for Ge QD in section III. 7.
III.5. Some RHEED patterns
Figure 3.8 shows different surface structures and the resulting diffraction and 
transmission patterns. Figures 3.8(a), (b) and (c) have been discussed in sections III. 1 and 
III.4. For a polycrystalline surface, the RHEED pattern is the sum o f the diffractions from 
all of the different crystalline regions [22]. This gives rise to a system of concentric rings. 
The reciprocal lattice o f the whole specimen results from rotating the reciprocal lattice of 
the individual crystal around the origin. “Each reciprocal lattices point thus produces a 
sphere, which is intersected by the Ewald ‘plane’ in a circle” [22]. The ring pattern is 
sometimes referred to as the “Debye-Sherrer pattern,” Fig. 3.8(d).
Sometimes the surface has domains that have a distribution o f orientations but are 
largely near one value [22,31,32]. This kind of structure will give rise to the so-called 
“textured pattern,” which consists o f concentric broken rings or arcs, Fig. 3.8(d). The 
length o f these arcs is a measure for the misorientation o f the crystals about the electron 
beam direction o f incidence. Similar patterns have been reported for the growth of TiN 
on Si(100) by 6 -ns 355-nm laser at 750 °C [33]. The evolution o f such patterns was 
attributed to the process o f granular epitaxy and grain growth.
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(a) RHEED pattern from nonreconstructed surface ( lx l )
(b) RHEED from (2x1) reconstructed surface
(c) Transmission pattern from Ge QD
(d) Ring pattern “Debye-Sherrer” from polycrystalline surface
(e) Broken ring pattern from textured surface
FIG. 3.8. Comparison o f different reflection and transmission RHEED 
patterns and the originating surface structures.
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111.6. Calculation o f  pure reflection RHEED patterns
For pure reflection RHEED of a given surface o f known orientation, 2D indexing 
is used. Recalling that RHEED is an image o f the surface lattice in the reciprocal space, a 
pre-calculation of the reciprocal lattice mesh of that surface is needed. These calculations 
are necessary to determine the direction of the incident electron beam relative to the 
surface structure. In the case o f an unknown crystal surface, calculations are performed 
for different crystal surfaces till a good match between the experimental and the 




• ..................... - ............ 4
(a) O)
FIG. 3.9. (a) 3D illustration o f the diamond structure o f silicon showing its 
bonding structure, (b) sketch of the Si(100). [The free demonstration 
version of Crystal Maker1 software was used to create both images],
1 CrystalMaker® : http:// www.crystalmaker.com




FIG. 3.10. Real net o f the Si(100).
The reciprocal lattice basis vectors are defined as
_ ,  . a7 x na, = 2 n —-----
a2 - 2 n  -
(3.37)
(3.38)
where the area A is
y4 = a , » ( a 2 xn) (3.39)
Silicon has a diamond structure, which is shown in Fig 3.9. The lattice parameter is a = 
5.431 A. So, using Fig. 3.10, the real lattice vectors o f Si(100) mesh are 
ai = 5.431 (0 1 0 ) A,
5.431 1
»2  = =2-716 (Oil) A, 
and the unit vector normal to the surface is n = (100)
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The inter-planer spacing between the {1 0 0 } planes is a/4, i.e., 1.358 A. 
The area o f the unit mesh is
A = a, • (a2 x n) = (5.431)2
0  1 0  
0  1 1 
1 0  0
= 14.748 A2
Hence, by substituting the values for the area and the lattice parameters in Eqs.
(3.37) and (3.38), the reciprocal lattice parameters are 
a , x «  2  n
a, = 2  n-
A 14.748 
a f  1= 1.636 A ' 1
[2.7155 (Oll)x(lOO)] = 1.157 (Ol l )  A'
a /  = 2n
fix a. I n
- [5.431(1 0 0 } x (0 1 0 )] = 2.314 (0 0 1 ) A ' 1
A 14.748'
The reciprocal lattice would have the shape shown in Fig. 3.11.
< 001:
*  *  *  *
■ ■ •   ■ *     ■ •




FIG. 3.11. Reciprocal net o f Si(100).
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During the experimental work presented in this dissertation, only one direction of 
incidence will be used, unless otherwise stated. The reciprocal lattice parameter is given 
by
2 nW
a* = — —  , (3.40)
1L
where W  is the streak spacing on the screen, L is the screen-sample distance and X is the 
wavelength of the electron wave given by Eq. (3.3). For electron accelerating voltage of 
8 . 6  kV, X is found to be 0.134 A. Using Fig. 3.13, a* is found to be 1.592 A ' 1 for Wi and 
1.622 A ' 1 for W2 . The average o f both these values, accounting for the average value of 
a*, is 1.61 A ' 1. Therefore, the direction of incidence o f the electron beam is (0 1 1 ).
FIG. 3.12. A RHEED pattern for Si(100)-lxl used to calculate the 
direction o f incidence.
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When the electron beam is incident down the staircase o f a vicinal surface, the 
intensity profile along the (0 0 ) streak shows split peaks due to interference from different 
terraces [34]. The split spacing is inversely proportional to the terrace width. Terrace 
width is given by T = 2ti/5, where 8  is (0 0 ) split spacing measured in A'1, after 
subtracting the instrumental response (given by the FWHM of the (00) peak in the in- 
phase condition measured normal to the surface) [34,35]. The splitting is better seen in 
the out-of-phase condition, but it is always there, even close to the in-phase condition
[35], Using Fig. 3.13, the (00) streak splitting spacing, 5, equals 0.398 A'1. Subtracting 
the instrumental response, which is found to be 0.367 A'1, the average terrace width is 
-205 A. Using Fig. 3.14, the miscut angle is given by 0 = sin-l(d/T) -0.38°.
FIG. 3.13. A RHEED pattern for Si(100)-2xl used to calculate the average 
terrace width by calculating the splitting in the (0 0 ) peak.
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00
d =  1.358 A
T ~  205 A
FIG. 3.14. Schematic o f the vicinal surface used to calculate the miscut 
angle.
III.6.B. Ge(100)
Ge also has a diamond structure, with lattice parameter o f a = 5.646 A. So, using 
Fig. 3.10, the real lattice vectors o f Ge(100) mesh are 
ax = 5.646 (0 1 0 ) A,
S l= ^ 7 r ^ 011)= 2‘823 ( 0 1 1 > A '
and the unit vector normal to the surface is n = (lOO).
The inter-planer spacing between the {1 0 0 } planes is a/4, i.e., 1.412 A.
The area o f the unit mesh is
A = a, • (a2 x h) =
(5.646)2
0  1 0  
0  1 1 
1 0  0
= 15.939 A2.
Hence, by substituting the values for the area and the lattice parameters in Eqs. (3.37) and
(3.38), the reciprocal lattice parameters are 
a, x ft 2 n
15.939
[2.823 (Oll)x(lOO)] = 1.113 (0 1 1 ) A'1
= >  I c l 1= 1.574 A'
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a2* = 2 x ^ ^ -  = —̂ —[5.646(l00>x(010)] =2.226(001) A'1
A 15.939
The reciprocal lattice would have the shape shown in Fig. 3.11.
III.7. Indexing transmission RHEED patterns
Transmission RHEED patterns are indexed using three indices, similar to 
diffraction from bulk materials and selected area electron diffraction (SAED) [30], 
Different alternatives can be used to index transmission patterns [30]. The following 
procedure is used to index transmission spots from Ge QD.
1. Use “Diamond” software [36] to generate the expected XRD pattern o f Ge 
crystal, Fig. 3.15. You may also use “CaRIne” software [37] to generate similar 
powder diffraction patterns; however, some values may differ slightly.
2. From the graph, extract the angles associated with the diffraction planes.
3. Use these data to calculate the interplaner distances o f the above planes, Table 
3.1.
4. Obtain a RHEED diffraction pattern o f Ge QD at a certain azimuth, Fig. 3.16.
5. Take one point as your (000) point. Here we take one point on the shadow edge.
6 . Measure the distances o f the transmission spots to the (000) point in “cm” and the 
angles they make with the line perpendicular to the surface and passing through 
the (000), Table 3.2.
7. Use Eq. 3.35 and the calculated electron wavelength to convert the above 
distances into d-values, Table 3.2.



















20 40 60 80 100 120
2 0
FIG. 3.15. Expected XRD pattern o f Ge crystal [The free demonstration 
version o f Diamond software [36] was used to generate these data].
Table 3.1. Data extracted from Fig. 3.15 and the calculated interplaner distances, d, of the 
associated planes.
(hkl) 2 0 X  (A) </(A) .....d!2 (A)..... M(A)
111 27.28 1.541 3.26894 1.63447 6.53788
220 45.3 1.541 2.001736 1.000868 4.003472
311 53.68 1.541 1.707333 0.853666 3.414666
400 65.99 1.541 1.415525 0.707763 2.83105
331 72.8 1.541 1.298976 0.649488 2.597952
422 83.66 1.541 1.905807 0.952903 3.811613
333/511 90.05 1.541 2.50377 1.251885 5.00754
440 100.73 1.541 2.949317 1.474658 5.898633
531 107.3 1.541 3.44106 1.72053 6.882119
620 118.86 1.541 3.799634 1.899817 7.599267
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8 . Compare the measured values to the calculated ones to assign Miller indices to 
each spot. Tabulate all the possible indices, since it is normal to find more than 
one set for each spot.
9. You have to consider an error margin, Ac?, in the measured values o f d-value due 
to uncertainties in the spacing measurement and in the camera constant 
calibration.
10. For each possible hkl candidate, calculate the angles between these spots, a y ,  
using the dot product rule, a ,. = cos -— —
\a i \ \ a j
11. Use the elimination process by comparing the measured and calculated angles, in 
order to assign the correct indices.
12. Determine the zone axis [uvw\. This is done by considering any two known [hkl] 
vectors within the diffracted zone such as finding out the 
componentsu = k^2  ~ k j l \ ,  v - l ^  - / 2 ^ i ,and  w = h \k 2 - h j k i -
13. Follow the same process to find the correct indexing for each spot, taking 
advantage o f the already indexed ones and by making use o f the calculated zone 
axis, since the zone equation, 3.36, is always satisfied.
14. Follow the above procedure until all spots are indexed.
By comparing Tables 3.1 and 3.2 and considering Fig. 3.16, the expected indices 
for spot (1) are (200) and (440), those for spot (2) are (400) and (880), for spot (3) are 
(111) and (531), and for spot (4) are (311) and (10,6,2). Considering first spots (1) and
(3), the angles between (200) and (111), (200) and (531), (440) and (111), (440) and 
(531) are 54.7°, 32.3°, 65.9°, and 80°, respectively. It is clear that only the first pair has
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an angle value that agrees with the measured one, i.e., spot (1) is (200) and spot (3) is 
(111). This implies that the zone axis is [Oil] . Using this value and making use of the 
zone equation, spots (2) and (4) should be (400) and (311), respectively. Also, using this 
information it is easy to index the rest o f the spots. A comparison o f the values o f the 
measured and the calculated angles should be used to confirm the indices, Table 3.3. The 
final indexing is shown in Fig. 3.17.
FIG. 3.16. Transmission RHEED pattern o f Ge QD [obtained at 12 kV 
accelerating voltage].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6 4
Table 3.2. Interplaner distances calculated from the measurement o f spot distances in Fig. 
3.16.
Spot A (A) R (cm) (X // rf(A) d l l  (A) 2d  (A )
1 0 . 1 1 1 1.22619 0 3.077825 1.538913 6.15565
2 0 . 1 1 1 2.440476 0 1.54642 0.77321 3.092839
3 0 . 1 1 1 1.064345 52.8 3.545842 1.772921 7.091684
4 0 . 1 1 1 2.035714 25.2 1.853895 0.926947 3.707789
5 0 . 1 1 1 3.133333 15.2 1.204468 0.602234 2.408936
6 0 . 1 1 1 2.088333 53.6 1.807183 0.903591 3.614366
7 0 . 1 1 1 2.988095 34.8 1.263012 0.631506 2.526024
Table 3.3. Comparison of the calculated and measured values o f angles between the 
index planes.
Spot Index (̂ calculated (degrees) tXmeasured (degrees)
1 (2 0 0 ) 0 0
2 (400) 0 0
3 ( 1 1 1 ) 54.7 52.8
4 (311) 25.2 25.2
5 (511) 15.7 15.2
6 (2 2 2 ) 54.7 53.6
7 (422) 35.3 34.8
FIG. 3.17. Indexed transmission pattern o f Ge QD.
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CHAPTER IV
SELF-ASSEMBLY OF Ge QUANTUM DOTS ON Si
IV. 1. Introduction
The large number o f publications reflects the great deal o f attention being paid to 
the study of self-assembled nanostructures in heteroepitaxial systems. Self-assembly has 
been used to fabricate quantum dots (QD), which are mainly used in optical devices. 
Examples o f such systems are Ge/Si [1-3], InAs/GaAs [4-6], and InSb/GaSb [7]. 
Magnetic QDs such as Fe-Pt, which are used in hard disks, have been self-assembled 
[8,9], GaxIni_xAs quantum wires have also been self-assembled to serve as active media 
in infrared photodetectors [10,11], The most important reason for the interest in such 
nanostructures is their electronic structure that differs from that o f the bulk and its impact 
on their physical properties. The densities o f states in 1, 2, 3 dimensional systems are 
given by the following equations, respectively, [12.13]
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FIG. 4.1. Schematic diagram of the density o f states (DOS) for (a) 3D bulk 
semiconductor, (b) 2D quantum well, (c) ID quantum wire, and (d) OD 
quantum dot.
A comparison between the densities o f states o f the three cases, along with the 0- 
dimensional case o f QD, is given in Fig. 4.1. The electronic structure o f the QDs consists 
of delta peaks, as shown in Fig. 4.1(d) [14,15]. Therefore, it is sometimes referred to as 
the quantum dots, which consists o f ~ 1 0 6 atoms, as “superatoms.”
Self-assembly o f nanostructures takes place via the Stranski-Krastanow (SK) 
growth in lattice-mismatched systems. In some cases, such a technique represents an 
alternative to lithography-based techniques [16]. It may be worthwhile to mention that 
scanning probe microscopy (SPM) based techniques represent another alternative to 
optical lithography-based techniques in some cases [17,18]. Using self-assembly, it is
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expected to fabricate defect-free nanometer QD’s and overcome some o f the problems of 
lithography, such as contamination, defect formation, and poor interface quality. Also in 
this technique, no etching or implantation processes are required. However, some of its 
drawbacks are the size and spatial non-uniformity o f the QD’s. A thorough understanding 
of these two problems and their origin would enable their control, which is o f great 
importance to technology. This is one o f the motivations behind the extensive work on 
this topic.
The study o f the self-assembly and self-organization o f nanostructures in 
heteroepitaxial systems is important for a fundamental understanding o f the properties of 
reduced-size condensed matter systems and for the development o f quantum devices
[1,17]. From a basic physics point o f view, Ge/Si is a model system for studying the 
growth dynamics o f the SK mode. Ge QDs were previously grown on Si(100) by 
molecular beam epitaxy (MBE) [19-24], chemical vapor deposition (CVD) [25,26], and 
liquid phase epitaxy (LPE) [27,28]. The shape and size distributions o f the QDs were 
found to depend on the deposition technique as well as the deposition conditions. When 
Sb was used as a surfactant in the MBE growth of Ge/Si(100), the initial island shape 
changed from {105}-faceted to {117}-faceted [29]. When Ge was grown by liquid phase 
epitaxy, {115}-faceted islands were first observed instead o f the {105{-faceted ones. As 
the coverage was increased, {111 {-faceted pyramids were formed [27,28].
Ge QDs have interesting mid-infrared optical properties [29,30]. It was shown 
that the photoluminescence peak of a single Ge QD dot layer changes from 1.3 to 1.6 pm 
by increasing its thickness from 5 to 9 ML [30], Such wavelength tunability is one o f the 
reasons behind the great interest in Ge QD-based devices. Self-assembled Ge QDs grown
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on Si are used in fabricating devices such as mid-infrared photodetectors [31,32], 
thermoelectric devices [33], and enhanced performance Si solar cells [34-36]. Generally, 
QD-based devices consist o f tens o f multilayers o f doped or undoped QDs separated by 
spacing layers. Apparently, the first two features o f PLD make it a strong candidate for 
growing multilayered devices. In this case, only targets o f different materials in the 
desired stoichiometry and doping are required without the need for residual gases or 
doping sources. In order to design efficient Ge QD-based devices by PLD, a clear 
understanding of how to control their physical properties through controlling the 
deposition parameters is required. The physical parameters o f QDs depend strongly on 
their shape and size distribution, while the device’s quantum efficiency is mainly affected 
by the density and spatial distribution of the QDs. Besides the substrate temperature, laser 
parameters (fluence, repetition rate, and wavelength) are unique controlling parameters of 
PLD. The density and size distributions o f QDs are mainly controlled by both the 
deposition rate and adatoms’ kinetic energy, which affects surface diffusion [37]. In the 
case of PLD, adatom surface diffusion is controlled by both the substrate temperature and 
the laser fluence, while deposition rate is mainly controlled by the laser fluence and the 
repetition rate. The spatial distribution depends on the homogeneity o f the atomic flux, 
which is governed by the laser fluence. However, the dependence o f the QD shape on 
deposition parameters has not been sufficiently explored for PLD. The current work aims 
to investigate the growth dynamics and the morphology of self-assembled Ge QDs on 
Si(100)-(2xl).
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IV.2. Self-assembly o f  QD by Stranski-Krastanov (SK) growth
The simplest model to describe thin film growth is the classical thermodynamical 
model. In such a model, depending on the relationship between the film surface energy 
Ya, the substrate surface energy y B, and the interface energy y*, the film grows in one of 
three growth modes [38,39]:
(1) Frank-van der Merwe (layer-by-layer): arises when the deposited atoms 
are more strongly attracted to the substrate than they are to themselves (i.e. 
Y a < y b  +  y*);
(2) Volmer-Weber (3D islands): occurs when the deposited atoms are more 
strongly attracted to themselves than they are to the substrate (i.e. Ya >  Yb +
y*);
(3) Stranski-Krastanow (SK): is a combination of the first two modes.
In the SK mode, growth starts by the formation o f a two-dimensional (2D) 
“wetting layer,” in which the film lattice constant adapts itself to that o f the substrate, 
Fig. 4.2(b) [1,17,38]. Depending on the growth conditions, the 2D growth takes place by 
either two-dimensional nucleation (layer-by layer) or step-flow. However, due to the 
lattice mismatch between the film and the substrate, an elastic strain arises in the wetting 
layer that increases linearly with the increase of the film thickness. The lattice mismatch 
(or misfit) is defined as£ = (aA - a B) /a B,[ where aA is the film lattice constant and aB is 
that of the substrate. Apparently, there are two types o f strain: (a) tensile strain, which 
occurs when the lattice constant of the substrate is larger than that o f the film, and (b)
1 In some publications, the mismatch is defined as £ = (aA —ag) /a A, see for example Stoleru et al., 2002.
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FIG. 4.2. Schematics o f the strain relief stages in the Stranski-Krastanov 
growth for the case of compressive strain: (a) Starting substrate, (b) 
growth o f a psedumorphic smooth wetting layer, (b) formation of 
coherently strained 3D islands that are fully strained at the bottom and 
completely relaxed at the top, i.e. having the film lattice constant, (c) 
introduction of misfit dislocations in the 3D islands. The arrows indicate 
the direction of elastic strain relief.
As the strain increases, the film seeks relaxation or “re lief’, which occurs by one 
of the following two routes:
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(a) Elastic relaxation that occurs by one o f three mechanisms: (i) surface 
reconstruction o f the wetting layer, (ii) step bunching o f the wetting layer, or 
(iii) the formation o f coherent (defect-free) 3D islands, Fig 4.2(c).
(b) Plastic relaxation that occurs by the formation o f misfit dislocations in the 
wetting layer. In some systems misfit dislocations form in the 3D islands, if 
the formation o f the 3D clusters is not enough to relax the system, Fig 4.2(d).
There is a competition between these two relief mechanisms and the value o f the 
misfit is the key factor. It was shown that the barrier for 3D nucleation scales as e ~A, 
while that for dislocation nucleation scales as s~] [40]. Therefore, for small s  misfit 
dislocations dominate, while 3D nucleation dominates for larger values o f f . This is the 
reason why pure Ge deposition on Si (large misfit of e  = 0.042) results in relaxation by 
3D islands formation [1], while in the case of GexSii_x (for example for x = 0.15, resulting 
in s  = 0.006) relaxation takes place by nucleation o f misfit dislocations where the 
surface remains smooth with no 3D nucleation [41]. This shows the effect of 
interdiffusion, which depends mainly on the substrate temperature, on the smoothness or 
the morphology o f the grown film. From the optical and magnetic applications point of 
view, defect-free coherent islands are mainly demanded. However, some researchers 
believe that the residual strain can have interesting effects on the electrical, optical and 
even magnetic properties o f the semiconductor structures. This explains the interest in 
theoretically calculating and modeling the strain in the semiconductor nanosystems 
[42,43]. The three dimensional Schrodinger equation has been solved analytically for the 
“pyramidal” quantum dots o f (In,Ga)As grown on GaAs, while the influence o f strain on 
the band gap of the dots has been considered [44]. The strain was shown to modify the
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energy levels and the wave functions for the confined carriers, which affects the 
electronic structure and hence the electrical and optical properties o f the dots. For 
example, the conduction band could be written as
Ec(s) = E°c + SE c(e ) ,  (4.5)
where E° is the offset o f the unstrained conduction band and SE C is the strain-induced 
shift of the conduction band [46], Though the effect o f the strain on the valance band is 
more complicated [45], the strain was found to largely increase the band gap due to the 
considerable hydrostatic pressure.
An ideal strained heteroepitaxial system seeks relief by either the plastic or the 
elastic relaxation. However, in real systems a combination o f both relaxation mechanisms 
takes place. For example, in the case of growing Ge on Si(100) by MBE, before the 
transformation into the 3D growth, the Ge wetting layer relieves its strain by the 
formation of a (2*N) reconstruction in which every M h dimmer o f the (2x1) 
reconstruction is missing [1,46,47]. The distance between the trenches o f the (2XN) 
reconstruction decreases with the coverage, or, in other words, the periodicity, N, 
decreases with the coverage. Another example o f the combination o f both elastic and 
plastic relaxations is the introduction of misfit dislocations into the large 3D islands, Fig 
4.2(d). This happens if  the relaxation by 3D islands formation is not enough to relax the 
strain of the system.
When the thickness o f the wetting layer reaches a critical value, hc, which varies 
from one system to another, the strain becomes so critical that the film seeks relief by 
three-dimensional nucleation. The value o f the “transition” critical thickness was
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estimated theoretically, assuming that the initial island shape is pyramidal, to have the 
form
hc = ta n # , (4.6)
27[ln(— )]2
aB
where ve is Poisson’s ratio, Y  is Young’s modulus, esw vertical surface energy per unit 
area, and 6  the angle between the ridgeline and the bottom surface o f the pyramid [48]. 
More recently, the value o f the critical thickness was shown to increase with the 
intermixing between the film and the substrate atoms [17]. In most systems, the formed 
nuclei are all o f the same type or shape and they are free o f defects and dislocations. In 
the case o f growth by molecular beam epitaxy (MBE), the density o f such coherent 3D 
islands varies with the substrate temperature T  and the deposition flux F  as 
Noc(F/D)x, (4.7)
where D  is the diffusion constant and x  is a positive number that depends on the details of 
the system [49]. The diffusion constant is given as
D = (vda /4 )  exp-(Ed/kT), (4.8)
where Ed is the diffusion energy, the preexponential vd measures the jumping probability 
o f an atom from one position to another at a distance a [38]. However, in some systems, 
as the film coverage increases other types o f nuclei may develop. In others, defects and 
dislocations start to form in the 3D islands when they grow in size. The shape o f the 3D 
islands may change from one deposition technique to another i f  a surfactant is used [17].
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IV.3. SK growth o f  Ge QD on Si
In the model system of the SK growth, i.e., deposition o f Ge/Si(100) by MBE, 
nucleation starts by the formation of rectangular {105}-faceted three-dimensional islands 
(called “hut” clusters), [21]. As the film coverage increases, multi-faceted “dome” 
clusters that are faceted by {113} and {102} planes start to appear along with the {105} 
“hut” clusters. If the thickness increases more, large clusters called “super-domes” start to 
appear [25,50]. It was found that if  Sb is used as a surfactant in the MBE growth of 
Ge/Si(100), the initial island shape changes from {105} to {117}-faceted with the 
increase o f Sb concentration [51]. On the other hand, if  Ge is grown on Si(100) by liquid 
phase epitaxy (LPE), {115} faceted islands are first observed instead o f the {105}- 
faceted ones. As the coverage increases, pyramids bounded by {111} facets are formed 
[27,28]. The case is much simpler for the growth o f Ge/Si(l 11), in which the three- 
dimensional islands were found to be all o f the same type, i.e., coherent (dislocation-free) 
tetrahedrons with {113}-faceted sidewalls and flat {lll}-faceted  tops [53].
From the application point o f view, arrays o f organized, homogeneous (both in 
size and shape), ordered, and closely spaced quantum dots are required. To understand 
how to control the growth o f self-assembled QDs, a large amount o f work is published 
every year. A number o f parameters are expected to affect the shape and size distribution 
of such dots:
1) Deposition technique: As mentioned above, the shape o f the islands differs in the 
case o f LPE from that o f MBE. It was also reported that the growth dynamics
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differs in the case o f chemical vapor deposition (CVD) from both o f these 
techniques [1].
2) Substrate temperature: This affects the growth in a complex way, since 
temperature controls both surface diffusion and intermixing. As discussed above, 
interdiffusion acts to decrease the lattice mismatch, which increases the critical 
thickness o f the 3D islands formation. Diffusion, on the other hand, is expected to 
increase the average island size.
3) Surfactants: As the case o f Sb in the growth o f Ge/Si(100), surfactants are 
expected to affect the equilibrium shape o f the quantum dots, resulting in the 
change of their electronic structures and hence their physical properties [51].
IV.4. Experiment
An ultrahigh vacuum chamber is used for deposition. The Si substrate is heated by 
direct current to obtain high temperatures. The Ge target is mounted on a rotated sample 
holder with a variable rotation speed. Target rotation during PLD minimizes the 
formation of particulates by exposing a fresh area to the laser. An Nd:YAG laser (1064 
nm, 40 ns, 10 Hz) is used to ablate the Ge target. The laser is focused on the rotating 
target with a spot size o f ~330 pm (measured at 1/e o f the peak value). The system is 
designed so that the laser is incident on the target at 45°. To in situ monitor the 
deposition, a 15-keV continuous electron gun is used to obtain reflection high-energy 
electron diffraction (RHEED) patterns during growth. A phosphor screen is used to
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display the electron diffraction pattern, which is recorded by a charge coupled detector 
(CCD) camera.
The Si(100) samples are first cleaned by chemical etching using a modification to 
the Shiraki method [51]. The samples are dipped into a solution o f H2SO4 (97% wt): 
H2O2 (30% wt) = 4:1 (by volume) for 10 min, rinsed with ultrapure water for 10 min, 
then dipped into a solution o f HF (50 wt %): H2O = 1:10 (by volume) for 1 min. Unused 
clean samples are stored under Ethanol and are etched by HF just before being loaded 
into the chamber. The samples are loaded into the vacuum chamber within 5 minutes of 
chemical etching. The vacuum chamber is pumped down to <1x1 O'9 Torr. The chamber is 
baked at 300 °C for at least 12 hours while the substrate is kept at 500 °C during the 
baking. When baking is completed, the sample is kept at 800 °C for a few hours before 
being flashed to 1100 °C for about a minute. This procedure results in the observation of 
the Si(100)-(2xl) RHEED pattern.
Deposition takes place by focusing the laser beam onto the rotating Ge target, 
while the growth dynamics is studied by in situ RHEED. Later, the morphology of the 
grown films is studied by post deposition AFM. A series o f films o f different mean 
thicknesses was deposited at a substrate temperature o f 400 °C using a laser o f fluence of 
23 J/cm2 operating at 10 Hz. The growth dynamics and the morphology dependence on 
the cluster size were studied. Another series o f films was grown at 400 °C with different 
laser fluences in order to study the effect of the laser fluence. Finally, several 9-ML films 
were grown at different substrate temperatures.
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IV.5. Growth dynamics
FIG. 4.3. RHEED patterns taken at different thicknesses for deposition at 
400 °C, 23 J/cm2, 10 Hz. Substrate (2x1) reconstruction pattern is shown 
in (a). Growth started epitaxially, as seen in the RHEED pattern taken 
after the deposition o f ~3.3 ML shown in (b). At ~4.1 ML, (c), elongated 
transmission features with lines at the position of the second order streaks 
started to appear. In the pattern at ~6 ML, (d), the lines disappeared while 
the elongation o f  the transmission features increased. A s the thickness was 
increased, the transmission features became well defined and the 
elongation decreased, as observed in (e) taken at ~9.3 ML. At ~13 ML, the 
transmission features became more round, (f).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8 2
Ge films of different thicknesses were grown under the same deposition 
conditions (substrate temperature o f 400 °C and a laser fluence o f 23 J/cm2 operated at a 
repetition arte o f 10 Hz). Thickness calibration was done in separate runs by placing a 
crystal thickness monitor at the substrate’s location. Figure 4.3 shows a series o f RHEED 
patterns as the film mean thickness was increased. The Si(100)-(2xl) diffraction pattern 
features, shown in Fig. 4.3(a), remained unchanged during the first few seconds of 
deposition in which the epitaxial growth o f the wetting layer occurs. Fig. 4.3(b), taken at 
-3.3 ML, shows a RHEED pattern with equal streak spacing as in Fig. 4.3(a) but with 
reduced diffraction streak intensity. The epitaxial growth o f the Ge wetting layer leads to 
a continuous increase in the lattice mismatch-induced internal strain as the film is grown. 
However, after depositing -4  ML, elongated transmission features with lines at the 
positions o f the second order strikes start to appear, as shown in Fig. 4.3(c). The 
appearance o f such transmission features instead o f the reflection ones indicates the 
beginning o f the strain relief by the formation o f 3D clusters. Elongated RHEED features 
result from transmission through asymmetric 3D clusters [54], In the cases o f growth by 
MBE and CVD, similar RHEED features were reported to correspond to the formation of 
{105}-faceted hut and pyramid clusters [19,21,54]. At -6  ML, the lines at the positions of 
the second order strikes disappeared, while the elongated transmission features increased 
in intensity and elongation, as shown in Fig. 4.3(d). As the film thickness was increased, 
the transmission RHEED features split into well-defined features and their elongation 
started to decrease, as shown in Fig. 4.3(e) taken at -9  ML. As the deposition continue, 
both the major (elongation) and minor lengths o f the spot continued to decrease. Since 
the RHEED arrangement used probes an area o f -1 mm2, such a decrease accounts for an
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increase in the Ge QDs’ average size, within the limits of the electron penetration depth. 
This penetration depth is 15±4 nm in Ge at electron energy o f 12 keV, as calculated by 
different inelastic mean free path (IMFP) models, see section III.4 [55,56]. Both the 
transmission spots’ major and minor lengths decreased with the increase in the film 
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FIG. 4.4. Line profile measured along the (200)-(400) connecting line 
normal to the surface at different thicknesses. The transition from the 
elongated lines to sharp spots is shown.
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Figure 4.4 shows a set o f line profiles taken at thicknesses corresponding to Figs. 
4.3(c) through 4.3(f). The line scans, which are taken normal to the surface and measured 
along the (200)-(400) connecting line, show the decrease in the spots’ major length with 
film thickness. Such observation predicts a transition from an asymmetric cluster shape to 
a more symmetric one. Finally, the transmission features in the case o f ~13 ML appear to 
be fully rounded, as shown in Fig. 4.3(f). Rounded spots result from transmission through 
rounded clusters. A similar spotty transmission pattern, with chevron lines due to the 
facetation o f the Ge clusters, were observed when multi-faceted “macroislands” clusters 
were formed (domes and superdomes faceted by {113} and {102} planes) [17,55]. In our 
study, we did not observe chevron lines, which could be due to the lack o f well-defined 
facets in the PLD-formed dome clusters.
Ex situ AFM was used to study the morphology of the Ge QDs and to correlate 
the morphology with the RHEED observations. Figure 4.5 shows 3D AFM images of the 
cluster shapes observed at the different film thicknesses. Depending on the film 
thickness, three cluster shapes are observed: huts, pyramids and domes. Faceted hut 
clusters are observed to dominate at low film thicknesses with cluster sizes up to 400 nm 
and heights ranging up to 40 nm. Figures 4.5(a) and 4.5(b) show two representatives of 
these hut clusters. For larger film thicknesses, the huts (of lateral sizes > 400 run) grew in 
size, became less defined, and lost their facetation. Figures 4.5(c) and 4.5(d) show two 
representatives of such clusters that are identified by their continuous round edges, 
indicating the lack o f facetation.
By increasing the film thickness the hut clusters transformed into the dome-like 
shape, shown in Fig. 4.5(f), with a length/height ratio o f ~4. The smoothness o f the dome,
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which could be seen as a continuous distribution o f faceting planes, is noticeable. This 
morphology is consistent with the lack o f observation o f chevron lines in RHEED [58]. 
The chevron lines arise from the intersection o f two diffraction patterns, each originating 
from one faceting plane [54]. However, a small number o f pyramid clusters, Fig. 4.5(e), 
are observed among the domes. These pyramids are slightly elongated and their main 
faceting planes are the {305} with contact angles o f -31°.
The observation o f huts that are faceted by different planes, depending on their 
size, has not been previously reported. Also, the observation o f huts that are faceted by 
planes of large contact angles with the substrate differ from those reported in the cases of 
MBE, CVD, and LPE [19,21,54]. Another new observation in the present PLD 
experiment is the formation o f stable huts that are larger than those grown by the other 
deposition techniques. These observations could be attributed to PLD features, such as 
the high adatoms energies, plume density, and the periodic nature.
Line scans across and along the QD have been performed to measure their shape 
characteristics. Examples o f such scans are shown in Fig. 4.6, where a couple o f hut 
clusters o f heights o f ~3.7 and 63 nm are shown to be faceted with planes with slope 
angles o f 3° and 31° with the substrate, respectively. Analyses o f the quantitative 
measurements performed on the QDs are shown in Figs. 4.7-4.11. Figure 4.7 shows the 
relation between the major, lmaj, and minor, lmin, lengths of the QDs. The best fit o f the 
data was found to follow the relation:
/mm=17753.577-8925.0511n(/mfly) + 1460.3661n(/may)2-76.1981n(/ma.)3. (4.9)
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The data o f the above figure have been used to generate Fig. 4.8, showing the lateral 
aspect ratio, L, (= major length/minor length) as a function o f the cluster’s minor length. 
The best fit to the data was found to follow the exponential relation
L -  (1.125) exp
f  37.157 ^
v A n i n -  34.974V nun
(4.10)
Figures 4.7 and 4.8 show that small hut clusters are asymmetric in shape, where the 
asymmetry decreases with the lateral size increase. As they grew in size, they became 
more laterally symmetric, as shown in Fig. 4.8, in which the lateral aspect ratio 
asymptotically reaches -1.2. The height, h, of the QDs as a function o f both the major 
and minor lengths is shown in Fig. 4.9, where the best fitting function o f the data was 
found to be
h = ho +  °  „ .. a , (4-11)
1 + exp
x - x 0
where a, b, xo, and ho have the values o f 107.112, 77.702, 337.920, and 6.364 for the 
major length case and 108.675, 92.304, 373.593, and -3.949 for the case o f minor length. 
The aspect ratio, A, (major length/height) as a function o f major length is shown in Fig.
4.10, where the fitting function is
A = 6.085 + 97.751e"0009'™'. (4.i2)
Figures 4.9 and 4.10 indicate that for small clusters the rate o f height increase is faster
than that o f  lateral size increase. However, both rates becom e comparable as the cluster 
increases in size. This growth anisotropy may be attributed to the cluster’s internal strain. 
Increasing the lateral size is expected to result in increasing the internal strain due to the 
lattice mismatch. On the contrary, increasing the cluster’s height leads to more strain
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relief through the adjustment o f the lattice spacing in the growing layers, and therefore is 
favored over the lateral growth [17]. The aspect ratio asymptotically decreases to the 
value o f ~4, which indicates that spherical cluster cannot be obtained under the 
considered deposition conditions. Finally, the contact angle, 0, o f the clusters’ bounding 
planes with the Si(100) substrate as a function o f the cluster’s height is shown in Fig.
4.11. The best fit function for the whole range is
0 = 1.846(1 -  e-0'241*) + 28.132(1 -  e-0039*) ,  (4.13)
where the linear fitting for the first region is
= (4.995)+ (0.556)h  . (4.14)
The contact angle increases linearly for clusters with heights less than 40 nm. This leads 
to the continuous change o f the planes faceting the clusters. For example, the huts shown 
in Figs. 4.5(a) and 4.5(b), are mainly faceted by planes having contact angles o f -10° and 
~18°, respectively, which account for the faceting planes o f {811} and {310}. The slope 
o f the clusters’ edges asymptotically reached the value o f -31°, which assumes that both 
the height and the lateral size increased almost at the same rate.
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FIG. 4.5. 3D AFM images o f the clusters observed at different film 
thicknesses. Well-defined hut clusters observed at low thicknesses (a) and
(b). As the film thickness was increased huts became more round (c) and 
(d). Some o f these clusters grew into pyramids (e). The majority of 
clusters grew into domes (f).
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FIG. 4.6. Line scans performed across a couple o f hut clusters, where the 
faceting angles are indicated.
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FIG. 4.7. Relation between major and minor lengths o f the Ge QDs 
formed on Si(100)-2xl at different film thicknesses. The solid line is the 
best fit to the data.
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FIG. 4.8. Lateral aspect ratio o f clusters (major length/minor length) as a 
function o f the minor length. The solid line is the best fit to the data.
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FIG. 4.9. Height o f the QD as a function o f both the major and minor 
lengths. Solid lines represent the best fits to the data.


















FIG. 4.10. Aspect ratio (major length/height) as a function of major 
length, fitted by the solid line.













FIG. 4.11. Contact angle that the bounding planes make with the substrate 
as a function o f cluster’s height.
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IV.6. Effect o f  Laser Fluence
Controlling thin film growth by changing the laser parameters, namely fluence 
and repetition rate, is a unique feature o f PLD. Figure 4.12 shows the AFM scans and the 
resulting RHEED patterns obtained after depositing Ge on Si(100)-(2xl) for 80 s at 400 
°C, 10 Hz but at different laser fluences (23, 47, and 70 J/cm ). The corresponding line 
scans along and across the clusters are shown in Fig. 4.13. For 23 J/cm2, column (a), 
shows that the origin o f the elongated transmission streaks is the elongated hut clusters. 
Notice the low clusters’ density in this case. When the laser fluence was increased to 47 
J/cm2, represented in column (b), the cluster density increased while cluster sizes 
decreased. The 3D image o f a representative cluster shows that the clusters became more 
symmetric in shape. This decreased the transmission RHEED streak elongation. When 
the fluence was increased to 70 J/cm , cluster density was seen to increase dramatically 
while the average size cluster decreased further. The shape o f the clusters became almost 
symmetric, as seen in the 3D image, which resulted in round transmission RHEED spots. 
The cluster heights are much larger than those observed by other techniques [25]. The 
observation o f domes for a laser fluence 70 J/cm that are smaller in size than the huts 
observed for a fluence o f 23 J/cm differs from other deposition methods. These 
observations show that the effect o f the laser fluence is not only on the size and spatial 
distributions o f the clusters but also on their morphology.
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FIG. 4.12. RHEED patterns, AFM scans o f three samples deposited at 400 
°C, 10 Hz and column (a) 23 J/cm2, column (b) 47 J/cm2, column (c) 70 
J/cm2.



































FIG. 4.13. 3D AFM images o f QDs corresponding to the 3 cases o f the 
above figure and line scans along and across the clusters.
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Figure 4.14 presents some statistics calculated from the above AFM scans. The 
number o f clusters in the scanned area n, the average cluster size d, the coverage ratio 6, 
and the full width at half maximum FWHM o f the distribution /  are listed. With the 
increase o f the laser fluence, the cluster density is seen to increase dramatically (from 
3xl07 cm'2 for 23 J/cm2 to 1.3xl08 cm'2 and 6 .3xl08 cm'2 for 47 and 70 J/cm2, 
respectively), while the average cluster size decreased (-362, 287, and 107 nm for 23, 47 
and 70 J/cm2, respectively). One may notice that the cluster density is at least an order of 
magnitude less than that observed in other deposition techniques under standard 
deposition conditions [26,34,59]. This could be attributed to the higher kinetic energy of 
the adatoms in the case o f PLD. The dependence of the FWHM o f the size distribution on 
the laser fluence is complicated. It is known that on samples with different cluster shapes, 
each cluster shape has its own size distribution. This is the reason for the bimodal 
distributions observed in some systems [25,60,61]. The shapes o f the clusters are 
different in these 3 cases. However, one may easily see that films prepared at 70 J/cm2 
have the narrowest distribution.
In vapor phase deposition, the nucleation density and the clusters’ sizes are 
determined through the competition between the atomic flux F  (atoms/area.time) and 
adatoms’ diffusion coefficient D  (area/time), given as D = D0 e x p ^  / kBT ] , where Ed is 
the diffusion barrier [37,62]. The density of stable islands is given by [63,64]
N  = tj(Q)(D0 / F)~* e x p ( - |% )  , (4.15)
kBT
where rj(0) = (913 is the coverage 0  dependent factor and % is the scaling factor. 
Therefore, a high flux results in high supersaturation of adatoms leading to a large
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nucleation density o f small clusters. On the other hand, high substrate temperatures 
increase the adatom diffusion coefficient favoring the formation o f low density o f larger 
clusters. In PLD, the nucleation density is expected to be dependent on the laser’s 
repetition rate and pulse duration in addition to the parameters in Eq. 4.15. Rate equations 
were solved numerically and the number o f stable islands was found as a function o f D/F 
for the case o f PLD for different deposition duration and laser repetition rate and was 
compared to the case o f MBE [64], According to these models, both MBE and PLD 
result in the same island density N  for very low values o f D/F, while PLD yields higher 
values o f A  for larger D/F.
The effect o f the laser fluence on nucleation density is complex since changing 
the laser fluence affects both the atom flux F  and the kinetic energy o f the ablated species 
[65], which ranges from 0.1 to 1000 eV. Therefore, the diffusion coefficient D is 
expected to depend on the particles’ kinetic energy as well as the substrate temperature. 
Moreover, the effect o f the particles’ kinetic energy on D  is further complicated by the 
interaction between the incident particles and the adatoms [66]. Although the functional 
dependence o f F  on the laser fluence is not known, it is not expected to be linear, since 
increasing the fluence results in increasing the ablation yield and a more directional 
plume [65],
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FIG. 4.14. Size distributions of the clusters formed on three different 
samples deposited at 400 °C, 10 Hz and column (a) 23 J/cm2, column (b) 
47 J/cm2, column (c) 70 J/cm2. The number of clusters in the scanned area, 
n, the average cluster size, d, the coverage ratio, 0, and the full width at 
half maximum FWHM of the distribution,/, are listed.
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One model showed that the growth behaviors o f PLD and MBE are equivalent at 
very small plume intensities, I, which is the plume intensity in units o f atoms/area
[37,38]. In this regime, the nucleation density follows the relation N  ac(D/  F)~r and, 
therefore, depends on the laser fluence through the competition between D  and F, since 
they are both functions o f I. The exponent y  is a positive constant, the value o f which 
depends on the nucleation and growth mechanisms. However, above a certain critical 
intensity, / c, PLD shows no dependence on F  and D  but rather on I  according to the 
relationN  oc F , where v is some exponent [37,67]. The reason for the change in behavior 
at Ic is that the huge number o f deposited atoms in each pulse leads to high nucleation 
probability even before the effects o f the change in D and F  take place. Therefore, the 
nucleation density in the case o f PLD may be formulated intuitively as [37]
N  o c (D /F )   ̂/ ( / /  Ic) , (4.16)
where
( const. I «: I (4.17)
( I / I J  I C» I
Therefore, increasing the plume intensity, by increasing the laser fluence, acts to increase 
the nucleation density. The drawback of this model is the assumption that atoms are 
deposited at thermal energies, which is not the case in PLD. However, it gives a decent 
picture of how the nucleation density and the average cluster size are dependent on D, F, 
and /.
Because o f the current lack o f understanding of the dependence o f F, kinetic 
energy distribution, and I  on the laser fluence, the dependence o f the cluster density and 
average cluster size on the laser fluence is not well explained. In our current situation, if
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we assume that the studied laser fluences result in plume intensities above the critical 
value (i.e., /  > Ic), the nucleation density will be a power function o f the intensity. If this 
is not the case (i.e., I  < Ic), the increase in the density with the laser fluence indicates that 
the effect o f the increase in the plume density overwhelms that due to the increase in the 
adatoms’ kinetic energy.
IV.7. Effect o f  Substrate Temperature
Figure 4.15 shows the RHEED patterns obtained after the deposition o f ~9 ML of 
Ge on Si(100)-(2xl) at different substrate temperatures along with the pattern obtained 
from the substrate before deposition. Figure 4.16 shows the AFM scans corresponding to 
the samples o f Fig. 4.15. For growth at 150 °C, the (2x1) diffraction pattern becomes 
dimmer continuously during the growth o f the Ge film resulting in the shown diffused 
pattern indicating that the grown clusters are misoriented. AFM imaging o f this sample, 
Fig. 4.16(a), shows the formation o f randomly distributed 3D clusters, which produces 
the diffuse RHEED pattern in Fig. 4.15. Similar results were observed for the Si 
homoepitaxy at low temperatures [53]. For deposition at 400 °C, formation of elongated 
hut clusters was observed as shown in Fig. 4.16(b). These clusters give an elongated 
transmission RHEED pattern shown in Fig. 4.15. The RHEED transmission pattern with 
rounded spots obtained for deposition at 500 °C indicates the formation of dome clusters 
as shown in the AFM in Fig. 4.16(c). Comparing AFM images in Figs. 4.16(b) and (c) 
shows the effect o f the substrate temperature on the cluster morphology, nucleation
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density, and cluster spatial distribution. The cluster morphology changed from the 
asymmetric hut shape to the symmetric dome shape. The decrease in the cluster density is 
consistent with the general behavior described by Eq. 4.16, in which the nucleation 
density decreases with the increase o f the diffusion coefficient due to the increase in 
temperature. For growth at 600 °C a transmission RHEED pattern is seen on top of 
broken rings, as shown in Fig. 4.15. The incomplete concentric rings usually result from 
textured structures, i.e., surfaces with domains that have a distribution o f orientations but 
are largely near one value [68,69]. Figure 4.16(d) is the AFM image corresponding to the 
sample grown at 600 °C, which shows 3D clusters formed on top o f a discontinuous 
layer.
FIG. 4.15. RHEED patterns o f different samples ~9-ML thick deposited at'j
23 J/cm , 10 Hz and different substrate temperatures.
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FIG. 4.16. AFM scans corresponding to the samples o f Fig. 4.15: (a) 150 
°C, (b) 400 °C, (c) 500 °C, (d) 600 °C.
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IV. 8. Conclusion
The growth dynamics and the morphology o f Ge QDs grown on Si(100)-(2><1) by 
PLD were studied by RHEED and AFM. After the completion o f the wetting layer, Ge 
was observed to form hut clutters faceted by planes having contact angles with the 
substrate that increase with the height o f the cluster. As the cluster size increased with 
further deposition, they lost their facetation and became rounded forming a dome shape. 
The effect o f the laser fluence on the growth dynamics and cluster morphology was 
studied. As the laser fluence was increased, the clusters’ density increased dramatically, 
while the average cluster sizes were reduced. At a substrate temperature o f 150 °C, 
misaligned clusters formed giving a diffuse RHEED pattern. At 400 and 500 °C, 
transmission RHEED patterns were observed indicating the growth o f oriented clusters. 
Around 600 °C, the QDs were formed on top o f textured surfaces.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
106
IV.9. References
[1] B. Voigtlander, “Fundamental processes in Si/Si and Ge/Si epitaxy studied by 
scanning tunneling microscopy during growth,” Surf. Sci. Rep. 43, 127 -  254 (2001).
[2] A. ElfVing, G. V. Hansson, and W.-X. Ni, “SiGe (Ge-dot) heterojunction 
phototransistors for efficient light detection at 1.3-1.55 pm,” Physica E 16, 528 (2003).
[3] P. Castrucci, R. Gunnella, N. Pinto, and M De Crescenzi, “Structural and 
photoluminescence properties o f Ge-Si ultra-thin films and heterostructures,” J. Phys.: 
Condens. Matter 14, 8333 -  8351 (2002).
[4] M. V. Alves, M. J. Semenzato, E. Marega Jr., and P. P. Gonzalez-Borrero, “Light 
emitting diodes based on self-organized InAs quantum dots grown on GaAs(311)A 
surfaces using only Si as a doping material,” Phys. Stat. Sol. (b) 232(1), 32 -  36 (2002).
[5] J. C. Galzerani, and Y. A. Puesep, “Raman spectroscopy characterization of InAs 
self-assembled quantum dots,” Physica B 316-317, 455—458 (2002).
[6] V.-G. Stoleru, D. Pal, and E. Towe, “Self-assembled (In,Ga)As/GaAs quantum-dot 
nanostructures: starin distribution and electronic structure,” Physica E 15, 131-152
(2002).
[7] E. Alphandery, R. J. Nicholas, N. J. Mason, S. G. Lyapin, and P. C. Klipstein, 
“Photoluminescence o f self-assembled InSb quantum dots grown on GaSb as a function 
o f excitation power, temperature, and magnetic field,” Phys. Rev. B 65, 115322-1 -  
115322-7 (2002).
[8] J. I. Martin, J. Nogues, K. Liu, J. L. Vicent, I. K. Schuller, “Ordered magnetic 
nanostructures: fabrication and properties,” J. Magnetism and Mag. Mat. 256, 449-501.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
107
[9] S. Anders, S. Sun, C. B. Murray, C. T. Rettner, M. E. Best, T. Thomson, M. Albrecht, 
J.-U. Thiele, E. E. Fullerton, and B. D. Terris, “Lithography and self-assembly for 
nanometer scale magnetism,” Microelectronic Eng. 61-62, 569-575 (2002).
[10] L.-X. Li, S. Sun, Y.-C. Chang, “Optical properties o f self-assembled quantum wires 
for application in infra-red detection,” Infrared Phys. Tech. 44, 57 -  67 (2003).
[11] D. E. Wohlert and K. Y. Cheng, “Temperature dependent polarization switching and 
band-gap anomalies in strained G a Jn ^ A s  quantum wire heterostructures,” Appl. Phys. 
Lett. 76, 2247 -  2249 (2002).
[12] M. S. Lundstrom, “Fundamentals o f Carrier Transport,” Cambridge University 
Press (2000).
[13] R. W. Kelsall, M. Geoghegan, I. W. Hamley, “Nanoscale Science and 
Technology,” John Wiley and Sons (2005).
[14] V. A. Shchukin, and D. Bimberg, “Spontaneous ordering o f nanostructures on 
crystal surfaces,” Rev. Mod. Phys. 71, 1125 -  1171 (1999).
[15] S. M. Reimann, “Electronic structure o f quantum dots,” Rev. Mod. Phys. 74, 1283 -  
1342 (2002).
[16] M. Henini, “Quantum dot nanostructures,” Materialstoday, June, 48 -  53 (2002).
[17] C. Teichert, “Self-organization of nanostructures in semiconductor heteroepitaxy,” 
Phys. Rep. 365, 335 -  432 (2002).
[18] A. D. Kent, D. M. Shaw, S. V. Molnar, D. D. Awschalom, “Growth o f high aspect 
ratio nanometer-scale magnets with chemical vapor deposition and scanning tunneling 
microscopy,” Science 262, 1249 -  1252 (1993).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
108
[19] V. Cimalla, K. Zekentes, and N. Vouroutzis, “Control o f morphological transitions 
during heteroepitaxial island growth by reflection high-energy electron diffraction,” 
Mater. Sci. Eng. B 88, 186-190 (2002).
[20] I. Goldfarb, P. T. Hayden, J. H. G. Owen, and G. A. D. Briggs, “Nucleation of 
"Hut" Pits and Clusters during Gas-Source Molecular-Beam Epitaxy o f Ge/Si(001) in In 
Situ Scanning Tunnelng Microscopy,” Phys. Rev. Lett. 78, 3959-3962 (1997).
[21] Y.-W. Mo, D. E. Savage, B. S. Swartzentruber, M. G. Lagally, “Kinetic pathway in 
Stranski-Krastanov growth o f Ge on Si(001),” Phys. Rev. Lett. 65, 1020 (1990).
[22] A. I. Nikiforov, V. A. Cherepanov, O. P. Pchelyakov, A. V. Dvurechenskii, A. I. 
Yakimov, “In situ RHEED control o f self-organized Ge quantum dots,” Thin Solid Films 
380, 158-163 (2000).
[23] O. P. Pchelyakov, V. A. Markov, A. I. Nikiforov, and L. V. Sokolov, “Surface 
processes and phase diagrams in MBE growth of Si/Ge heterostuctures,” Thin Solid 
Films 306, 299-306(1997).
[24] J. A. Floro, E. Chason, L.B. Freund, R. D. Twesten, R. Q. Hwang, and G. A. 
Lucadamo, “Novel SiGe Island Coarsening Kinetics: Ostwald Ripening and Elastic 
Interactions,” Phys. Rev. B 59,1990 (1999).
[25] T. I. Kamins, E. C. Carr, R. S. Williams, and S. J. Rosner, “Deposition o f three- 
dimensional Ge islands on Si(001) by chemical vapor deposition at atmospheric and 
reduced pressures,” J. Appl. Phys. 81, 211 (1997).
[26] P. S. Chen, Z. Pei, Y. H. Peng, S. W. Lee, M.-J. Tsai, “Boron mediation on the 
growth o f Ge quantum dots on Si(10 0) by ultra high vacuum chemical vapor 
deposition,” Mater. Sci. Eng. B 108, 213 (2004).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
109
[27] M. Schmidbauer, T. Weibach, H. Raidt, M. Hanke, R. Kohler, H. Wawre, “Ordering 
of self-assembled Sit^Ge* islands studied by grazing incidence small-angle x-ray 
scattering and atomic force microscopy,” Phys. Rev. B 58, 10523-10531 (1998).
[28] W. Dorsch, S. Christiansen, M. Albrecht, P. O. Hansson, E. Bauser, and H. P. 
Strunk, “Early growth stages o f Ge 0. 85 Si 0. 15 on Si (001) from Bi solution,” Surf. Sci. 
331-333, 896 (1995).
[29] V. A. Egorov, G. E. Cirlin, A. A. Tonkikh, V. G. Talalaev, A. G. Makarov, N. N. 
Ledentosov, V. M. Ustinov, N. D. Zakharov, and P. Werner, “Si/Ge nanostructures for 
optoelectronics applications,” Phys. Solid State 46 ,49-55 (2004).
[30] K. Brunner, “Si/Ge nanostructures,” Rep. Prog. Phys. 65, 27-72 (2002).
[31] M. Elkurdi, P. Boucaud, S. Sauvage, G. Fishman, O. Kermarrec, Y. Campidelli, D. 
Bensahel, G. Saint-Girons, G. Patriarche, I. Sagnes, “Electromodulation o f the interband 
and intraband absorption of Ge/Si self-assembled islands,” Physica E 16, 450-454
(2003).
[32] M. S. Hegazy, T. F. Refaat, M. Nurul Abedin, H. E. Elsayed-Ali, “Fabrication of 
GeSi quantum dot infrared photodetector by pulsed laser deposition,” Opt. Eng. 44, 
59702 (2005).
[33] J. L. Liu, A. Khitun, K. L. Wang, T. Borca-Tasciuc, W. L. Liu, G. Chen, and D. P. 
Yu, “Growth of Ge quantum dot superlattices for thermoelectric applications,” J. Cryst. 
Growth 227-228, 1111-1115 (2001).
[34] A. Alguno, N. Usami, T. Ujihara, K. Fujiwara, G. Sazaki, K. Nakajima, and Y. 
Shiraki, Appl. Phys. Lett. 83, 1258 (2003).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
110
[35] H. Presting, J. Konle, H. Kibbel, and F. Banhart, “Growth studies o f Ge-islands for 
enhanced performance of thin film solar cells,” Physica E 14, 249-254 (2002).
[36] J. Knole, H. Presting, H. Kibbel, Physica E 16, 596 (2003).
[37] B. Hinnemann, H. Hinrichsen, and D. E. Wolf, “Unusual Scaling for Pulsed Laser 
Deposition,” Phys. Rev. Lett. 87, 135701 (2001).
[38] J. A. Venables, Introduction to surface and thin fd m  processes, Cambridge 
University Press (2000).
[39] G. Le Lay, and R. Kem, “Physical methods used for the characterization o f modes of 
epitaxial growth from the vapor phase,” J. Crystal. Growth 44, 197 -  222 (1978).
[40] J. Tersoff, and F. K. LeGouse, “Competing relaxation mechanisms in strained 
layers,” Phys. Rev. Lett. 72, 3570 -  3573 (1994).
[41] F. K. LeGoues, B. S. Meyerson, J. F. Morar, and P. D. Kirchner, “Mechanism and 
conditions for anomalous strain relaxation in graded thin films and superlattices,” J.
Appl. Phys. 71, 4230 -  4243 (1992).
[42] S. Christiansen, M. Albrecht, H. P. Strunk, and H. J. Maier, “Strained state of Ge(Si) 
islands on Si: Finite element calculations and comparison to convergent beam electron- 
diffraction measurement,” Appl. Phys. Lett. 64, 3617 -  3619 (1994).
[43] J. Tersoff, “Step Energies and Roughening o f Strained Layers,” Phys. Rev. Lett. 74, 
4962 (1995).
[44] V.-G. Stoleru, D. Pal, and E. Towe, “Self-assembled (In,Ga)As/GaAs quantum-dot 
nanostructures: starin distribution and electronic structure,” Physica E 15, 131 -  152 
(2002).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I l l
[45] G. Cipriani, M. Rosa-Clot, and S. Taddei, “Electronic-level calculations for 
semiconductor quantum dots: Deterministic numerical method using Green’s functions,” 
Phys. Rev. B 61, 7536 -  7544 (2000).
[46] F. Wu, M. G. Lagally, “Ge-induced reversal o f surface stress anisotropy on Si(001),” 
Phys. Rev. Lett. 75, 2534 -  2537 (1995).
[47] F. Iwawaki, M. Tomitori, O. Nishikawa, “STM study o f initial stage o f Ge epitaxy 
on Si(001),” Ultramicroscopy 42 -  44, 902 -  909 (1992).
[48] A. Sasaki, E. R. Weber, Z. Liliental-Weber, S. Ruvimov, J. Washburn, Y. Nabetani, 
“Transition thickness o f semiconductor heteroepitaxy,” Thin Solid Films 367, 277 -  280 
(2000).
[49] A. R. Woll, P. Rugheimer, and M. G. Lagally, “Strain engineering, self-assembly, 
and nanoarchitectures in thin SiGe films on Si,” Mat. Sci. Eng. B 96, 94 -  101 (2002).
[50] O. P. Pchelyakov, V. A. Markov, A. I. Nikiforov, and L. V. Sokolov, “Surface 
processes and phase diagrams o f Si/Ge heterostructures,” Thin Solid Films 306, 299 -  
306(1997).
[51] M. Horn-von Hoegen, B. H. Muller, A. A1 Falou, M. Henzler, “Surfactant induced 
reversible changes o f surface morphology,” Phys. Rev. Lett. 71, 3170 (1993).
[52] B. Voigtlander, A. Zinner, “Simultaneous molecular beam epitaxy growth and 
scanning tunneling microscopy imaging during Ge/Si epitaxy,” Appl. Phys. Lett. 63, 
3055-3057 (1993).
[53] M. S. Hegazy, H. E. Elsayed-Ali, “Observation o f step-flow growth in femtosecond 
pulsed laser deposition o f Si on Si(100)-2xl,” J. Vac. Sci. Technol. A 20, 2068 (2002).
[54] C. E. Aumann, Y.-W. Mo, and M. G. Lagally, Appl. Phys. Lett. 59, 1061 (1991).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
112
[55] J. Powell, A. Jablonski, I. S. Tilinin, S. Tanuma, and D. R. Penn, “Surface sensitivity 
of auger-electron spectroscopy and x-ray photoelectron spectroscopy,” J. Elect. Spect. 
Rel. Phen. 98-99, 1-15 (1999).
[56] M. P. Seah and W. A. Dench, “Quantitative electron spectroscopy of surfaces: A 
standard data base for electron inelastic mean free paths in solids,” Surf. Interface. 
Anal.l, 2-11 (1979).
[57] J. W. Lee, D. Schuh, M. Bichler, and G. Abstreiter, “Advanced study o f various 
characteristics found in RHEED patterns during the growth o f InAs quantum dots on 
GaAs (0 0 1) substrate by molecular beam epitaxy,” Appl. Surf. Sci. 228, 306 (2004).
[58] M. D. Kim, T. W. Kim, and Y. D. Woo, “Dependence o f the growth modes and the 
surface morphologies on the As/In ratio and the substrate temperature in InAs/GaAs 
nanostructures,” J. Cryst. Growth 265, 41 (2004).
[59] S. W. Lee, L. J. Chen, P. S. Chen, M. -J . Tsai, C. W. Liu, W. Y. Chen, and T. M. 
Hsu, “Improved growth o f Ge quantum dots in Ge/Si stacked layers by pre-intermixing 
treatments,” Appl. Surf. Sci. 224, 152 (2004).
[60] Anders, C. S. Kim, B. Klein, M. W. Keller, R. P. Mirin, A. G. Norman, “Bimodal 
size distribution of self-assembled In^Gai^As quantum dots,” Phys. Rev. B 66, 125309 
(2002).
[61] V. Le Thanh, P. Boucaud, D. De Debarre, and Y. Zheng, “Nucleation and growth of 
self-assembled Ge/Si(001) quantum dots,” Phys. Rev. B 58, 211 (1998).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
113
[62] Z. Zhang and M. G. Lagally, “Atomistic Processes in the Early Stages o f Thm-Film 
Growth,” Science 276, 377 (1997).
[63] J. Shen, Z. Gai, J. Kirschner, “Growth and magnetism of metallic thin films and 
multilayers by pulsed-laser deposition,” Surf. Sci. Rep. 52,163 (2004).
[64] P.-O. Jubert, O. Fruchart, C. Meyer, “Nucleation and surface diffusion in pulsed 
laser deposition o f Fe on Mo(110),” Surf. Sci. 552, 8-16 (2003).
[65] N. N. Nedialkov, P. A. Atanasov, S. E. Imamova, A. Ruf, P. Berger, F. Dausinger, 
“Dynamics o f the ejected material in ultra-short laser ablation o f metals,” Appl. Phys. A 
79, 1121 (2004).
[66] D. M. Zhang, L. Guan, Z. H. Li, G. J. Pan, H. Z. Sun, X. Y. Tan, and L. Li, 
“Influence o f kinetic energy and substrate temperature on thin film growth in pulsed laser 
deposition,” Surf. Coatings Technol. 200, 4027-4031 (2006).
[67] B. Hinnemann, H. Hinrichsen, and D. E. Wolf, “Epitaxial growth with pulsed 
deposition: Submonolayer scaling and Villain instability,” Phys. Rev. E 67, 11602 
(2003).
[68] D. Litvinov, T. O ’Donnell, and R. Clarke, “/« situ thin-film texture determination,”
J. Appl. Phys. 85, 2151-2156 (1999).
[69] S. Andrieu and P. Frechard, “What information can be obtained by RHEED applied 
on polycrystalline films?,’’Surf. Sci. 360, 289-296 (1996).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
114
CHAPTER V  
FABRICATION OF QUANTUM-DOT BASED INFRARED  
PHOTODETECTORS BY PULSED LASER DEPOSITION 
V. 1. Introduction
Devices that are based on Ge QD have received significant attention in the past 
few years. Ge QD have proved very promising for fabricating infrared photodetectors
[1,2], thermoelectric devices [3], and enhancing the performance of solar cells [4], QD 
infrared photodetectors (QIPD) were first proposed by Ryzhii in 1996 [5] and were 
shown to have better sensitivity to normal incidence photoexcitation, broader IR 
response, high photoconductive gain, high extraction efficiency, lower dark current, 
elevated operation temperatures, and higher photoelectric gain than quantum well 
infrared photodetectors (QWPD) [6-8]. Unlike the case o f single crystal photodetectors, 
controlling the QD material composition, size distribution, spatial distribution, shape and 
density can be used to tune the device detection band and to control the spectral response 
o f the QDIP in a broad range through IR [1,6,9].
A typical QDIP device consists o f a multiple o f two-dimensional arrays o f QDs 
separated by spacing layers and sandwiched between two heavily doped layers: emitter 
and collector, Fig. 5.1. The device, however, can have any junction structure, such as P- 
N, N-P-N, P-I-N, etc. In most cases, QDs are grown via self-assembly in lattice 
mismatched semiconductors, e.g. Ge/Si and InGaAs/GaAs. As discussed in chapter IV, 
Ge growth on Si follows the Stranski-Krastanow (SK) mode, in which Ge atoms form
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few epitaxial monolayers (wetting layer) before developing “self-assembled” QDs, in 
order to relieve the strain caused by the lattice mismatch [10]. The amount o f that strain 
and the deposition conditions control the shape, size and spatial distributions o f the QDs; 




Fig. 5.1. Structure o f a typical QDIP, consisting o f multilayers o f QD 
sandwiched between the two heavily doped layers of emitter and collector.
Ge QDs were grown on Si by molecular beam epitaxy (MBE) [11], chemical 
vapor deposition (CVD) [12], and liquid phase epitaxy (LPE) [2]. However, very few 
groups have used PLD to grow Ge on Si and to fabricate optical and electrical devices. 
Among the attractive features o f PLD, as discussed in Chapter II, are the preservation of 
stoichiometry and the ease o f growing multilayered films. These two features would 
enable the growth o f multilayered devices of different materials or dopings without the
Collector
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need for residual gases or doping sources; only targets with the desired doping are used. 
This should lead to a reduction in the fabrication time and cost. In this chapter, PLD is 
used to fabricate a multi-layered infrared photodetector that is based on Ge QDs grown 
on Si(100) substrate.
V.2. Theory o f  QDIP
Fig. 5.2. Transitions in quantum confined heterostructures: (a) sub-band to 
sub-band, and (b) sub-band to continuum.
Generally, optically induced transitions in photodetectors, based on quantum- 
confinement structures, involve sub-band to sub-band or sub-band to continuum 
absorption, Fig. 5.2 [13]. For the case o f QDIP, radiation is detected through intraband 
transitions in the conduction band. The absorption o f IR radiation is associated with the 
electron bound-to-continuum or bound-to-quasibound transitions, which results in
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photoionization o f QDs and free electrons. Figure 5.3 summarizes the operation aspects 
o f QDIP. Electrons are injected from the emitter into the active region with QDs, where 
electrons could be captured by QDs or drifted toward the collector. When photoexcited 
by IR photons, the emitted electrons drift toward the collector by the electric field 
provided by the applied bias, resulting in photocurrent [7,14], Bound electrons 
accumulated in QDs create a significant space charge which modifies the electric field 
distribution in the active region. The process o f photoionization o f QDs under IR 
illumination results in a redistribution of the electric field in the active region, which 
gives rise to a change in the injected current. The total current across the photodetector is 
the sum of both the current caused by electrons emission from QDs (by thermoemission 
and/or photoemission) and the injected current from the emitter. The QDIP operation is 
associated with the current across the device active region limited by the bound space 
charge which is controlled by incident IR radiation [15].
The absorption o f the IR radiation takes place via intraband transitions in QDIP. 
The absorption coefficient depends on the energy o f states o f the QD, which depend 
mainly on the shape of the QD. Therefore, the QD shape and size distribution should be 
controlled in such a way to optimize absorption o f the desired wavelength. However, due 
to the size and shape fluctuations o f the QD, the spectral response is broadened. 
Experiments and theoretical calculations showed higher absorption for the in-plane 
polarized light compared to the perpendicularly polarized one [16]. Another result is the 
strong normal incidence absorption, which is connected with the QD size. Therefore, the 
QD have to be small in the lateral and in the growth direction [16]. High absorption 
efficiency is required for good detectors, which is achieved by high QD density.










Fig. 5.3. Schematics showing the operation principle o f QDIP.
Without illumination, small dark current flows across the device. The amount of 
such a current depends on the generation-recombination origin in the carrier trapping and 
thermionic emission from QD and thermionic emission from emitter in the active region 
of the device [7]. Thermal dark current is approximated by [5,17]
< 5 1 >k r k Pc
where e is the electron charge, Gth is the rate o f thermoemission per unit area o f QD layer 
and p c is the average capture probability for free electrons. QDIP should have lower dark
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currents by decreasing thermionic emission through increasing the carriers’ life times and 
decreasing the capture probability. Dark current optimization depends on the density of 
QD, doping level o f the active region, and the applied bias [17].
Under IR illumination, photoemission (via bound-to-continuum transition) 
dominates thermoemission, giving rise to photocurrent, which is estimated by [5,6,13,16]
where Gph is the photoemission rate per unit area of the QD layer, c tq D  is the
layer, 0  is the incident photons flux, rj is the detector’s quantum efficiency, and g is the 
photoconductive gain. The photoconductive gain is defined as the ratio o f the total flux of 
injected electrons to the total rate o f thermoemission (under dark conditions) or 
photoemission (under illumination) from all QD. It is then defined as [6,13,16]
where M  is the number o f QD layers, F  is the filling factor (given by the covering area of 
QD layer). Expression (5.3) is valid under the condition p c « 1, which is true for QD. 
Another expression for the gain is [6,16]




photoemission cross section, (rij is the average sheet density o f electrons in the QD
1
(5.3)
g a  M F p ,(U Py
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An important parameter that measures the QDIP quality is its responsivity, which 
is defined as the photocurrent per unit light power (in Watts). If the photoemission is 
much larger than thermo emission, we may write [5,6]
R _ ( j ph- j J ^ e ° o n { n )  ̂ ( 5 5 )
ha*I >  hcoO
where hco is the energy o f the incident photons. It may be important to point out that it is 
not just enough for the value of the responsivity to be high and to increase with the 
applied bias, as the dark current also increases with the bias.
The signal-to-noise ratio, SNR, o f photodetectors is measured by the detectivity
(measured in units o f cm ^H zW ^ ), which is expressed as [6,13]
=  =  r  '/W  ( 5 6 )
/ .  J4egl„& f
where A is the detector area, A / is the measured bandwidth, and In is the noise current.
In terms o f thermoemission and photoemission rates, the detectivity may be written as 
[6,13]
D* = — <~sy =  ■ (5.7)
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V.3. Photodetector fabrication
Si substrates are chemically cleaned as described in section IV.5 prior to being
o
loaded into the vacuum chamber. The chamber is pumped down to a pressure o f <1x10' 
Torr and baked for 12-24 hours before flashing the substrate to -1100 °C in order for the 
2><1 reconstruction to develop. The Si substrate is kept at 773 K during deposition in a 
base pressure < lx l0 '9 Torr. A 40-ns Nd:YAG laser (16 J/cm2, 50 Hz) is used to ablate the 
rotating target, which is in the form of two semi-circular disks placed together to form a 
circle; one is Si (p-type, lx lO 19 cm'3) and the other is undoped Ge. During target rotation, 
PLD minimizes the formation o f particulates by exposing a fresh area to the laser; thus, 
the probability o f ffacto-emission is minimized. The laser is focused on the rotating target 
with a spot size o f 330 pm (measured at 1/e o f the peak value). The system is designed in 
such a way that the laser hits the target at 45°. A thickness o f -0 .6  nm Ge is first 
deposited, followed by depositing -0 .4  nm Si. The process is repeated for 40 revolutions. 
A Si capping layer o f -1  nm is deposited before a mask is used to deposit about 100-nm 
thick A1 contacts. The deposition o f the 40-layered device, without the metal contacts, 
took -500 s, which is much less than the time needed to fabricate similar devices by other 
deposition techniques. A schematic diagram of the device is shown in Fig. 5.4.
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Fig. 5.4. (Top) Side view schematics of the multi-layered Ge QD-based 
photodetector grown by PLD on Si(100). (Bottom) Top view schematics 
showing the film and the metal contacts.
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V.4. Growth characterization
To in situ monitor the deposition, a 15-keV CW electron gun is used. A phosphor 
screen is used to display the electron diffraction pattern, which is recorded by a CCD 
camera. During the initial stages o f deposition, the Si(100)-2xl diffraction pattern, Fig. 
5.5 (left), does not change, which accounts for the formation o f the 2D wetting layer. In 
such 2D growth, the Ge film grows having the Si lattice constant. Upon the completion of 
the first Ge layer, the RHEED diffraction pattern transforms into a transmission pattern, 
Fig. 5.5 (right), indicating the formation o f elongated (hut) Ge QDs. Ge QDs form to 
relieve the internal strain inside the film due to the lattice mismatch between Ge and Si. 
Such a transmission pattern is taken as an indication for the formation o f QD to start the 
deposition o f the Si spacing layer. As the capping layer is being grown, the transmission 
pattern does not change in shape, but decreases in intensity.
The morphology o f the Ge film is studied by ex situ AFM (Digital Instruments; 
Nanoscope 3100). For this purpose, a Ge film o f the same thickness as the first QD layer, 
was grown under the same deposition conditions. Figure 5.6 shows the formation of the 
Ge QDs, which are distributed homogeneously over the substrate. A detailed study o f the 
Ge QD formation on Si(100)-2><1 showed that under similar deposition conditions at the 
same thickness hut clusters are formed [18,19], as described in chapter IV. The size 
distribution o f the Ge QDs o f Fig. 5.6 is shown in Fig. 5.7, indicating a FWHM of -35 
nm.
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Fig. 5.5. (Left) RHEED diffraction pattern o f the Si(100)-2><1 substrate. 
(Right) Transmission pattern formed when the growth o f the first Ge QD 
layer is completed.
Fig. 5.6. AFM scan o f the Ge quantum dots. The major axis length 
distribution is shown as inset [scan area = 1.1x 1.1 pm].
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Fig. 5.7. Histogram showing the size distribution of the above figure.
V.5. Electrical and optical characterization
Silver epoxy was used to mount the QD detector sample on an aluminum sample 
holder and to fix the connecting wires to the A1 pads. Figure 5.8 shows a schematic o f the 
characterization setup [20]. The setup consists mainly o f optical, electrical and 
mechanical sections. The mechanical section is used to mount the device while 
conditioning its operation in terms of alignment, temperature and bias voltage. The 
sample holder was mounted on the cold-finger o f a vacuum sealed cryogenic chamber 
(dewar). The chamber was cooled by liquid nitrogen and the required temperature was 
obtained using a temperature controller (Lake Shore; Autotuning Temperature Controller 
330). The controller senses the temperature using a Si diode (Lake Shore; DT-470) and 
modifies it using resistive heaters. Vacuum isolation (~10"6 Torr) was used with the
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chamber to preserve temperature stability using a vacuum pumping system (Pfeiffer; 
Vacuum Pump System TSU071E). For the spectral response measurements, an optical 
signal was applied to the detector using the optical section. The optical section consists of 
a current controlled (Optronic Laboratories; Programmable Current Source OL65A) 
radiation source (Halogen lamp) the output o f which is modulated using an optical 
chopper and analyzed using a monochromator (Optronic Laboratories; Monochromator 
OL750-S). The electrical section was integrated to measure the device output for a certain 
operating condition. A lock-in amplifier (Stanford Research Systems; DSP Lock-in 
Amplifier SR850) was used to measure the output signal for a given radiation input. A 
spectrum analyzer (Stanford Research Systems; 2 Channel dynamic Signal Analyzer 
SR785) was used for noise measurements. A semiconductor characterization system 
(Keithly; 4200) was used for the I-V measurements. All of these instruments are linked to 
a personal computer for data acquisition and control. The instruments are synchronized 
using the chopper controller. A preamplifier (Stanford Research Systems; SR570) is used 
to convert the detector current into a voltage signal.
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Fig. 5.8. A schematic o f the detector characterization setup.
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Figure 5.9 shows the I-V characteristics o f the device at different operating 
temperatures. The I-V characteristics reveal the diode behavior o f the sample, which 
confirms the Schottky structure. Cooling down the device slightly reduces the dark 
current, suggesting the domination of the leakage current due to the tunneling process. 
The inset o f Fig. 5.9 zooms in to a part o f the 293.2 K characteristics. The inset compares 
the curves obtained in dark and illumination conditions. A current shift o f about 5 pA
9 . . . . • • • •
with 14.5 W/cm incident intensity suggests the sensitivity o f the device to radiation. In 








■2 - 1.5  -1 - 0.5  0 0.5
Bias Voltage [V]
Fig. 5.9. Dark current variation with bias voltage obtained at temperatures 
of 293.2, 283.2, 273.2, 263.2, 253.2, 160.0, 130.0 and 79.5 K from top to 
bottom, respectively. The inset shows a portion o f the dark current at 
293.2 K and it variation due to device illumination with 14.5 W/cm2 
radiation intensity.
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The spectral response o f the QD photodetector sample is shown in Fig. 5.10. The 
characteristics assume 20-nm wavelength resolution with 10 averages. The characteristics 
were obtained in the wavelength range o f 1.0 to 3.2 pm at 79.5 K operating temperature 
and different bias voltages. The spectral range is compatible with the optical section 
limitation. Lower temperatures have been used to minimize the device noise since the 
responsivity is very low. The applied bias voltage was limited not to breakdown the 
device. The spectral response reveals peak responsivity around 2 pm wavelength with 
-1.8 and -2 .2  pm cut-on and cut-off wavelengths, respectively. The presence of this peak 
is attributed to the type-II band lineup with interband transitions observed in Si/Ge QDs. 
Tuneability o f this peak can be potentially achieved by controlling the composition, size, 
and size distribution o f the QDs through varying the deposition parameters. These 
deposition parameters include growth temperature, laser fluence and repetition rate, and 
thickness o f the Si spacers. PLD growth o f Ge QDs and the control o f their size and 
spatial distributions are reported elsewhere [18,19]. Another possible peak at a longer 
wavelength with a cut-on around 3 pm is visible in the figure. High responsivity at 1 pm 
dominates the maximum at 0.5 V due to absorption in the Si substrate. The responsivity 
increases almost three orders o f magnitude (from -5x1 O'6 A/W to -3x1 O'3 A/W at 2 pm) 
by increasing the bias from 0.5 to 3.5 V. Although this might be attributed to an internal 
gain mechanism, it is associated with a high increase in the noise level. This fact is 
clarified in Fig. 5.11, where the noise is plotted against the operating bias voltage. For 
comparison, the device detectivity (D*) is calculated and plotted in the same figure. 
Knowing the mean responsivity, R, at a certain bias voltage, and by measuring the noise 
current density, in, at the same voltage, the detectivity is calculated using the relation
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R
where A is the area o f the sensitive element. The figure reveals a poor detectivity 
compared to typical infrared detectors operating at the same wavelength range, even at 
room temperature. Nevertheless, the results indicate a promising device, with a 
wavelength tunability option. The poor detectivity is attributed to the poor responsivity 
associated with QD detectors in general. Thus, research efforts should focus on the gain 
behavior and should try to increase it.
0.5V
3 22.0 24 2.81.2 1.6
Wavelength (jun]
Fig. 5.10. Spectral response at different bias voltages, obtained at an 
operating temperature o f 79.5 K.
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Fig. 5.11. Measured and fitted noise variation with bias voltage and the 
corresponding detectivity (D*), obtained at an operating temperature o f 
79.5 K.
V.6. Conclusion
In summary, the fabrication of a mid-infrared photodetector by PLD is reported. 
The device consists o f 40 successive Ge QD layers separated by 39 Si spacers and a 
topmost Si capping layer. The fabrication time o f the device, without the metal contacts, 
takes ~500 s. The growth was studied by in situ RHEED to identify the formation o f Ge
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QDs, while ex situ AFM is used to study the morphology of the QDs and their size and 
spatial distributions. The difference in the current values in dark and illumination 
conditions shows the device is sensitive to radiation. Spectral responsivity measurements 
reveal a peak around 2 pm, the responsivity o f which increases three orders o f magnitude 
as the bias increases from 0.5 to 3.5 V. However, the low detectivity requires some 
design improvements.
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CHAPTER VI 
NON-THERMAL LASER-INDUCED FORMATION OF CRYSTALLINE 
Ge QUANTUM DOTS ON Si(100) 
VI. 1. Introduction
Electronic excitations by laser or electron beam interaction with surfaces have 
been shown to modify surface properties [1-5]. Figure 6.1 summarizes all o f the possible 
material modifications due to electronic excitations induced by laser or electron beams
[6]. Electronic-induced surface processes include selective removal o f surface atoms, 
surface layer modifications, and the alternation o f rates of some surface processes [6]. 
Removal o f surface atoms occurs due to bond breaking as a result o f single or multiple 
photon excitations. In semiconductors, bond breaking by laser pulses below melting and 
ablation thresholds is purely electronic [7], Even what was thought o f as purely thermal 
desorption was recently reported to involve electronic excitations [8],
In Si(100)-2xl, bond breaking takes place due to the localization o f two photo­
generated surface holes at dimmer sites [7]. The number o f the electronically-removed 
atoms, due to laser excitations, depends on the laser wavelength and is a superlinear 
function o f laser fluence but is independent o f the material’s temperature [5,6].
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FIG. 6.1. Summery of all possible results o f the interaction of laser or 
electron beams with materials [From Ref. [6] with permission1].
It is believed that energetic particles such as ions, electrons, and photons can 
transfer sufficient energy to enhance the migration o f  adsorbed atoms and/or m olecules 
and hence enhance the nucleation and growth [4]. Despite that, a few publications have
1 The figure was redrawn and reorganized after the kind permission from both Dr. Stoneham and Dr. Itoh 
through personal communications.
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considered the effects o f the electronic excitations on the growth o f thin films and 
nanostructures. Illumination o f silica substrates with a low-fluence diode laser during 
deposition has been reported to enhance the shape and size distribution of Ga 
nanoparticles at -100  °C [9] Illumination o f silica substrates with a low-fluence diode 
laser during deposition has been reported to unify the cluster’s shape and narrow the size 
distribution o f Ga nanoparticles grown at -100 °C [9]. Recently, our group has achieved 
homoepitaxy o f S i(lll)-7 x 7  via step flow at room temperature by exciting the substrate 
with femtosecond laser pulses during pulsed laser deposition (PLD) [10]. The growth 
process was attributed to the dynamic competition between the nonthermal laser-induced 
desorption o f surface atoms and the adsorption o f the new atoms [9,10]. On the other 
hand, irradiation by electron beams, o f a few hundreds o f eV, has been reported to 
enhance the epitaxy o f Ce02 on Si at 100 °C lower than that required for epitaxy [4],
It has to be noted that “light-controlled growth” techniques differ from the pulsed 
laser induced epitaxy (PLIE) o f growing epitaxial layers o f GeSi alloys, in which 
amorphous Ge or SiGe films are deposited at low temperatures before being rapidly 
melted and recrystallized via irradiation with high-power ns or ps UV laser pulses, 
leading to enhanced epitaxy and the redistribution of the Si and Ge contents [11].
In this chapter, we show that laser irradiation during the PLD o f Ge on Si(100)- 
2x1 enhances the crystallinity o f quantum dots (QD) and lessens the temperature required 
for their formation, which is -400 °C as shown in Chapter IV.
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VI.2. Electronic-induced bond breaking
Removal o f surface atoms occurs due to bond breaking as a result o f single or 
multiple photon excitations. In semiconductors, bond breaking by laser pulses below 
melting and ablation thresholds is o f a purely electronic nature [7]. In fact, it has been 
recently reported that even thermally-excited charge carriers are responsible for bond 
breaking o f adsorbed atoms [8]. Due to the low surface absorption coefficients, 
photoexcitation takes place in bulk, resulting in a high density o f electron-hole pairs, Fig
6.2, which can transfer to the surface electronic systems via electron-electron and/or 
electron-phonon coupling. Hole localization onto particular surface sites results in bond 
breaking (rupture) and, consequently, the ejection o f atoms, via phonon kicks, with 
translational energy. In Si(100)-2xl, bond breaking has been reported to take place due to 
the localization o f two photo-generated holes at the same surface bond o f given dimer 
sites [7]. Figure 6.3 is a side view showing the bond structure o f Si(100)-2xl, while the 
cartoon in Figure 6.4 summarizes the process o f bond breaking via two-hole localization 
and atom ejection via phonon kick. The rate o f the “two-hole” localization onto a 
particular lattice site is approximated by [12]
P  = z i[e x p K )- l]2, (6.1)
where A is a constant and
concentration o f photo-generated holes
n h = ----------------------------------------------------------------------------------- . (6 .2 )
effective # o f ffee-hole surface valence band states
The number o f electronically-removed atoms depends on the laser wavelength and is a
superlinear function o f laser fluence, 0 ,  but it is independent o f temperature [5,6]. For the
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“two-hole” localization mechanism, the yield of desorption, Y, has been calculated to 
have the form [12]
F = y0[e x p (5 O )-l]2. (6.3)
It has been observed that electronic-induced bond breaking processes have some 
common features [5,6,7]:
(1) Bond rupture takes place for atoms at perfect surface sites,
(2) Desorption o f neutral atoms only takes place,
(3) Bond breaking rate is sensitive to surface sites and atomic species, which may 
result from the localization process and/or the bond breaking reaction,
(4) The desorption rate depends superlinearly on the excitation laser fluence for 
photon energies between 1 and 4 eV.
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FIG. 6.3. Side view of the atomic structure o f Si(100)-2xl.















FIG. 6.4. Electronic-induced bond breaking: (A) two-hole localization at 
first bond, (B) first bond breaking, (C) two-hole localization at second 
bond, (D) atom ejection due to a phonon kick.
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VI.3. Experiment
Ge on Si(100)-2xl was grown by PLD in an ultrahigh vacuum chamber, in which 
the Si substrate was heated by direct current, Fig. 2.5. The Ge target was mounted on a 
rotated holder with a variable rotation speed. Target rotation during PLD is necessary to 
minimize the formation of particulates. Before being loaded into the vacuum, the Si(100) 
substrates (with dimensions o f 3-4 mm x 10 mm) were cleaned by chemical etching using 
a modification to the Shiraki method, as discussed in Chapter 4. The vacuum system was 
then pumped down, baked for at least 12 hours, and the sample was then flashed to 1100 
°C in order for the 2x1 reconstruction to form. The chamber pressure was maintained 
<1x1 O'9 Torr.
A schematic o f the experimental setup is shown in Fig. 6.5. A Q-switched 
Nd:YAG laser (1064 nm, FWHM of -40  ns, Fig 6.6(a), repetition rate o f 50 Hz) is split 
into an ablation beam and an excitation beam of non-equal powers by means o f a half 
wave-plate and a polarizing beam splitter. The P-polarized ablation beam is focused on 
the rotating Ge target to a spot size o f 330 pm (measured at 1/e o f the peak value, Fig 
6.6(b)) resulting in a laser fluence of 4.9 J/cm2. The S-polarized excitation beam, 
however, is left unfocused, with a beam diameter o f 5.8 mm (measured at 1/e of the peak 
value, Fig 6.6(c)), to shine the Si(100) substrate and the Ge film during deposition. A 12- 
keV RHEED electron gun is used to monitor growth dynamics during deposition, while a 
phosphor screen displays the electron diffraction pattern, which is recorded by means of a 
charge-coupled device (CCD) camera. Post deposition STM is used to study the 
morphology o f the grown films. Several Ge films were grown on Si(100)-2xl at different
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substrate temperatures and different laser excitation conditions but with the same ablation 
laser fluence. The growth dynamics and morphology of the films grown under the laser 







FIG. 6.5. Schematic o f the laser excitation experimental setup.
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FIG. 6.6. Measurement o f laser beam parameters: (a) laser pulse width, (b) 
ablation beam profile, and. (c) excitation beam profile.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
145
VI.4. Results and discussion
For the case o f PLD of Ge QD on Si(100), without laser excitation o f the 
substrate, we have shown in Chapter 4 that the Ge RHEED transmission diffraction 
patterns only show for samples grown above -400 °C [13]. This indicates the formation 
o f crystalline Ge QD, which starts by the formation o f hut clusters that are faceted by 
different planes, depending on the cluster height [13]. As these huts grow in size, they 
gradually lose their facetation until they become non-faceted domes [13]. For samples 
grown at substrate temperatures lower than -400 °C the intensity o f the Si(100)-2xl 
RHEED spots decays continuously with deposition time until they completely disappear, 
resulting in a diffuse pattern, after a given thickness that increases with the substrate 
temperature. This indicates the formation o f three-dimensional (3D) structures that 
collectively lack long range order, as confirmed by RHEED and atomic force microscopy 
(AFM) [13].
In order to study the effect o f the laser-induced electronic excitations on the PLD 
of Ge on Si(100)-2xl, a set o f samples was deposited under the same laser conditions but 
at a substrate temperature o f -120 °C. All samples o f this set show continuous intensity 
decay until the complete disappearance o f the RHEED patterns, Fig. 6.7. However, the 
time required for the disappearance o f the RHEED pattern for the laser irradiated films, 
Fig. 6.7(b), is -180  s (8.93±0.4 ML), which is -9  times that required for the non­
irradiated ones (-20 s or 0.99±0.044 ML), Fig. 6.7(a). The decay in the RHEED spots 
intensity and the increase in the background are associated with an increase in the film 
roughness. The faster the decay of the pattern, the rougher the surface. Therefore, laser
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irradiation o f the substrate decreases the roughness of the film, even though epitaxy is not 
achieved. This indicates that some energy transfer takes place from the excitation laser to 
the adsorbed atoms that is acting to increase their surface diffusion.
(a)
(b)
FIG. 6.7. RHEED patterns recorded at different deposition times for two 
samples deposited at -120  °C by ablation laser energy density o f 4.9 
J/cm2, and laser repetition rate o f 50 Hz (a) under no laser excitation, (b) 
under 130±52 mJ/cm2.
Another set o f samples was grown at a substrate temperature o f -260  °C for 160 s 
(8000 pulses). Some o f these samples were deposited under no laser excitation, while the 
rest were been deposited under substrate excitation by laser beams o f different fluences 
(ranging between 30±12 and 230±93 mJ/cm2). The large error in the fluence arises from 
the visual alignment o f the excitation laser on the substrate and variation o f the laser
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energy density on the substrate. Figure 6.8 shows the disappearance o f the Si(100)-2xl 
RHEED pattern during the growth o f a Ge film under no laser excitation, while Fig. 2(b) 
shows an ex situ STM scan, obtained over 1.2x1.2 pm, o f the resulting film. The film 
could be described as a collection o f 3D structures, characterized by the randomness in 
their shape, size and spatial distributions. This is usually attributed to the slow surface 









FIG. 6.8. (a) RHEED patterns recorded at different deposition times for a 
sample grown under no laser excitation at temperature o f ~260 °C by 
ablation laser energy density o f 4.9 J/cm2, and laser repetition rate o f 50 
Hz. (b) 3D STM image o f the final film.










FIG. 6.9. (a) RHEED patterns recorded at different deposition times for 
the sample grown under excitation laser o f 144±58 mJ/cm2 at -260 °C 
under laser ablation fluence 4.9 J/cm2 and laser repetition rate o f 50 Hz.
Figure 6.9 shows the RHEED patterns for a sample grown under laser excitation 
with a fluence o f 144±58 mJ/cm2. Initially, the substrate’s 2x1 RHEED pattern did not 
change during the first few seconds of deposition, which corresponds to the epitaxial 
growth of the wetting layer. At -61 s (3.027±0.136 ML), the reflection RHEED pattern 
transformed into an elongated transmission pattern, indicating the initial formation o f the 
hut QD. To estimate this transition time, the intensity o f the transmission (111) peak, 
normalized to the background between the (111) and the (200) peaks is ploted as a 
function o f the deposition time, Fig 6.10. The intersection o f the data fitting with the 
background is the 2D-3D transition time. As the film thickness was increased further,
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these spots became more intense before they became rounded in shape, indicating the 
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FIG. 6.10. The ratio o f the (111) peak intensity to the background intensity 
(measured between the (200) and the (111) peaks) as a function of 
deposition time.
For PLD, in situ measurement o f the film thickness by a crystal thickness monitor 
is not usually possible due to the high directionality o f the plume. The deviation of the 
highly energetic adatoms’ sticking coefficient to the Au-coated crystal from that to the 
substrate also presents another complication. We have placed a crystal thickness monitor 
in the location o f the substrate in separate PLD runs to estimate the deposition per pulse. 
The results are shown in Table 6.1. The average rate o f deposition measured this way was 
(2.13±0.16)xl0‘3 A/pulse. The error range considered only the standard deviation due to 
repeating the calibration several times and did not consider the variation o f the sticking
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coefficient o f Ge to the Au-coated crystal from that for Si, nor did it consider the plume 
nonuniformity over the 50-mm2 area o f the crystal. The thickness calibration was also 
performed by a spectroscopic ellipsometry (Woollam M44 ellipsometer). Due to the low 
coverage ratio o f the QD, as will be shown later, we used a model o f a thin flat Ge layer 
on the 0.5 mm Si wafer, Fig. 6.11. The results o f such measurements are shown in Table
6.2. The average deposition rate in this case was found to be (1.34±0.06)xl0'3 A/pulse. 
The error range included was that from fitting the measured data to the assumed model 
considering the variation o f the optical properties o f the film from the bulk values. We 
rely on the thickness calibration by the ellipsometer because we believe it is more 
accurate than that obtained from the crystal thickness monitor.
Table 6.1. Summary o f thickness monitor measurements, performed by placing the 
crystal at the location o f the substrate at separate runs.
# pulses O (J/cm 2) Thick. (A) Thick. (ML) Per pulse (A)
15000 4.655705872 36 26.66666667 0.0024
15000 4.655705872 32 237.037037 0.002133333
18000 4.655705872 37 274.0740741 0.002055556
21000 4.655705872 43 318.5185185 0.002047619
15000 4.655705872 30 22.22222222 0.002
Average 0.002127302
(a) (b)
Ge layer ? A
Si wafer 0.5 mm
Ge QD layer ? A
Ge wetting layer ? A
Si wafer
FIG. 6.11. The two assumed models for the ellipsometry thickness 
measurements.
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Table 6.2. Summary o f ellipsometry thickness measurements o f three samples allowing 
for the variation o f  n and k  from the bulk values.
# pulses 0> (J/cm 2) Thick. (A) E r r o r (A) Thick. (ML) P er pulse (A)
7500 0.144 9.496 0.989 7.034074074 0.001266133
4500 0.22 7.3904 0.0529 5.47437037 0.001642311
8350 0.22 9.236 0.25 6.841481481 0.001106108
Average 0.001338184
Figure 6.12 compares the STM images o f three samples grown for 160 s 
(7.94±0.36 ML) for laser excitation energy density o f 50±20, 87±35 and 144±58 mJ/cm2. 
The length histograms o f each STM image are shown. The size distributions for samples 
deposited with laser excitation using an energy density o f 50±20 and 87±35 mJ/cm2 are 
unimodal with most expected length, Lm, o f 10.4±0.3 and 10.7±0.2 nm, and FWHM of 9 
and 6 nm, respectively. However, that for the sample deposited with 144±58 mJ/cm2 
excitation energy density is bimodal with Lm = 10.6±0.5 nm and 28.4±0.9 nm and the 
corresponding FWHM of 9 and 8 nm. Hence, Lm is about the same for the three samples, 
if  the higher lengths distribution is neglected. For the excitation energy density o f 144±58 
mJ/cm2, the coverage ratio CR (defined as ̂ c lu s e r  areas/total scanned area) is ~11 for
the lower size unimodal distribution and -18%  for the combined distributions. This
becomes -31%  when the excitation is decreased to 50±20 mJ/cm2. The corresponding
cluster density d  decreases with increased energy density from -4 .1xlO u cm’2 to 
11 2-1.4x10 cm' . This trend could be thought o f as a diffusion boost due to laser energy 
coupling to adatoms.
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FIG. 6.12. STM images and cluster length distributions for samples grown 
-260  °C under laser ablation fluence 4.9 J/cm2 and laser repetition rate of 
50 Hz under excitation laser fluence o f (a) 144±58 mJ/cm [d = 1.4xlOn 
cm'2, CR = 11 & 18%], (b) 87±35 mJ/cm2 [d=  1.7xlOn cm'2, CR = 12%], 
(c) 50±20 mJ/cm2 [d = 4.1xlOu cm'2, CR = 31%].
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The enhancement o f QD crystallinity under laser excitation is not expected to be 
associated with a temperature rise due to laser absorption in the Si substrate. According 
to a one-dimensional heat diffusion model, the maximum temperature rise due to the 
absorption o f the 1064-nm excitation laser in the skin depth of Si (-60  pm) is -11 °C for 
laser conditions similar to those used with the highest energy density in the present 
experiments. This temperature excursion decays to almost the substrate temperature in 
-0.1 ms. For Ge, the skin depth for 1064 nm is 200 nm and the maximum temperature 
rise, if  bulk Ge is irradiated with the same laser energy density, is 121 °C. Thus for 
several ML o f Ge on Si, the temperature excursion and its duration is too small to play a 
role in the much slower processes occurring on the surface that affect the growth mode.
Two mechanisms are probably responsible for the enhancement o f QD 
crystallinity under laser irradiation. The first is a dynamic competition between 
nonthermal laser-induced desorption o f surface atoms, at temperatures significantly 
below the melting and ablation thresholds, and the adsorption o f new adatoms. The yield 
of the Si atoms, nonthermally removed via laser-induced electronic excitations, have 
been reported to depend superlinearly on the laser fluence [5,7]. Due to the low surface 
absorption coefficient, photoexcitation takes place in bulk [1], resulting in a high density 
of electron-hole pairs that can transfer to the surface electronic systems via electron- 
electron and/or electron-phonon coupling [7], Hole localization onto particular surface 
sites results in selective bond breaking via a proposed two-hole mechanism [1,7]. 
Consequently, these atoms are ejected via a phonon kick (from local heating due to a 
nonradiative electron-hole pair recombination mechanism) with a distribution of 
translational energy that starts from a given onset [5], In growth o f Ge on Si, such
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
154
translational energy gain o f the Ge adatoms is expected to lead to increasing adatom 
diffusion and hence affect the QD morphology. Also, the resultant vacancies may act as 
favorable nucleation sites for the adatoms. It is also possible that the same mechanism 
may lead to increased detachment rates from the forming QD, leading to cluster size 
limitations.
The second mechanism involves an energy transfer from the laser-generated hot 
electrons to the adsorbed and/or surface atoms. It has been reported that substrate 
irradiation by an electron beam, o f energy of a few hundred eV, during deposition of 
CeC>2 reduces the required temperature for epitaxial growth on Si(100) by more than 100 
°C [4], These electrons ionize surface atoms and adatoms. This results in the 
enhancement o f adatom diffusion toward lattice sites via Coulomb interaction [4], 
Electron beam irradiation was also found to increase the epitaxial recrysallization rates in 
amorphous SrTiC>3 by orders of magnitude compared to thermal effects [2], A mechanism 
was proposed based on localized excitations affecting local atomic bonds by lowering the 
energy barrier to defect recovery [2],
VI.5. Conclusion
The effect o f the laser-induced electronic excitation o f the PLD of Ge QD grown on 
Si(100)-2xl was studied. Electronic excitation by laser irradiation o f the substrate 
changes film morphology and reduces the temperature required for the formation of 
crystalline QD. Thermal effects are clearly not responsible for these observations. The
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mechanisms involved could be the proposed dynamic competition between laser-induced 
desorption of surface atoms and the adsorption o f new atoms, and energy coupling from 
the laser-generated hot electrons to adatoms. The present results show that surface 
electronic excitation can be used to effectively alter the growth mode and produce low 
temperature epitaxy.
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CHAPTER VII 
ULTRA HIGH VACUUM  SCANNING TUNNELING MICROSCOPY 
STUDY OF PULSED LASER DEPOSITION OF Ge QD ON Si(100)
VII. 1. Introduction
The growth o f Ge QD on Si(100) by MBE and CVD has been extensively studied 
by in situ ultrahigh vacuum scanning tunneling microscopy (UHV STM) and atomic 
force microscopy (AFM) [1-5]. For the case o f MBE, after the formation o f the wetting 
layer, nucleation starts by the formation of {105}-faceted hut clusters [5]. As the film 
coverage increases, multi-faceted “dome” clusters (faceted by {113} and {102} planes) 
start to appear along with the {105} huts. With further increases, large clusters called 
“super-dome” islands start to appear [3,6]. It was reported that if  Sb is used as a 
surfactant in the MBE growth o f Ge/Si(100), the initial hut facetation changes from 
{105} to {117} [7], On the other hand, if  Ge is grown on Si(100) by liquid phase epitaxy 
(LPE), {115} faceted islands are first observed instead of the {105}-faceted ones. As the 
coverage increases, pyramids bounded by {111} facets are formed [8,9]. This indicates 
that the growth dynamics depend on the deposition technique as well as the substrate 
temperature and deposition conditions. However, no detailed study on the formation of 
Ge QD on Si by PLD has been performed by in situ STM or AFM.
In Chapter 4, we studied the PLD of the Ge QD and Si(100)-2xl by RHEED and 
ex situ AFM, and we showed that nucleation initiates via the formation of faceted hut 
clusters. The facetation of such clusters was shown to change during deposition due to
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the increase o f the contact angle that the faceting planes make with the (100) substrate. 
As they grow in size, they gradually lose their facetation in the route o f their transition to 
non-faceted domes. In that study, the smallest observed cluster length and height were 
-150 and 4 nm, respectively. Therefore, no information was available about the very 
early stages o f the formation o f the huts. In this chapter, the early stages o f the formation 
of the Ge huts on Si(100) by PLD will be studied using ultrahigh vacuum scanning 
tunneling microscopy (UHV STM).
VII.2. Experiment
The growth is conducted in a special home-made UHV PLD chamber that is 
equipped with an Omicron UHV STM bolt-on, Figs. 2.6 and 7.1. The geometry of this 
system is different from that used in Chapters 4, 5 and 6. The ablation laser enters the 
chamber from the bottom 23/4 inch sapphire window. Figure 7.2 shows the arrangement of 
the target and the substrate. The substrate holder is equipped with a commercial direct 
heating facility, while the Ge target is mounted on a home-made mechanically rotated 
target holder. The chamber pressure is maintained at <1x1 O'9 Torr. More technical details 
about the system are found in Appendix B.
Sample cleaning, system baking and sample preparation to obtain the Si(100)-2xl 
reconstruction are mentioned in Chapter 4. A Q-switched Nd:YAG laser (1064 nm, 
FWHM -4 0  ns, 5 Hz) is focused on Ge to a spot size o f 400 pm (measured at 1/e of the 
peak value), resulting in a laser fluence o f 50 J/cm2. Deposition by a few laser pulses is
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conducted in the deposition chamber at substrate temperature o f -400 °C. The substrate 
temperature is cooled to room temperature, at a rate o f 2-6 °C per second, before being 
transferred into the UHV STM bolt-on by means o f a 48” magnetic transporter. The 
sample is moved to the STM stage by means of a wobble-stick. The substrate is scanned 
at different marked areas at different magnifications. The sample is then returned to the 
PLD chamber for more deposition. These deposition-scanning cycles are repeated several 
times in order to study the early stages o f Ge QD formation. It has to be noted that 
moving the sample in and out o f the scanning stage for the sake o f deposition, results in a 
negligible probability o f scanning the same area again. However, we try to minimize that 
to a few micrometers by using surface features that result in different surface reflections 
as seen by the CCD camera monitoring the sample, as landmarks.
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FIG. 7.1. Schematics showing the main components o f the PLD deposition 
chamber equipped with Omicron UHV STM.
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FIG. 7.2. Main components inside the PLD chamber: (1) Ge target 
mounted on the target holder, (2) substrate holder equipped with direct 
heating, (3) ion gauge filament.
VI.3. Results and discussion
Figure 7.3 shows STM images recorded for the Si(100) substrate, Fig. 7.3(a), and 
for Ge films grown at different deposition times. The flat film in Figs. 7.3(b), deposited 
for 20 pulses, account for the epitaxial formation o f the wetting layer. After deposition by 
70 pulses, a very small density (~10 per 300x300 nrn2 area or - lx lO 10 cm'2) of tiny 
clusters o f almost the same size are seen on a flat surface. Figure 7.3(c) zooms down to 
60x60 nm2 to show one o f these isolated clusters. With the increase in film thickness, the 
density o f the clusters is seen to increase. Figure 7.3(d) shows a 200x200 nm STM 
image of the Ge film after deposition by 220 laser pulses. The figure shows an ensemble 
of clusters distributed almost homogenously over the scanned area.
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FIG. 7.3. STM scans o f the (a) Si substrate and o f the Ge film after 
deposition o f (b) 20 pulses, (c) 70 pulses, and (d) 220 pulses. The white 
lines show the locations o f the line scans shown in Fig. 7.4. The lines 
marked x and y locate the locations o f the line scans across the QD shown 
in Fig. 7.5. The square in (d) highlights the cluster shown in Fig. 7.6.
The changes in the surface roughness during the growth o f the Ge film is studied 
by performing line scans (white lines in the images o f Fig. 7.3) along some flat areas of 
the films that are compared to the roughness o f the Si(100) substrate. Figure 7.4 shows
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the results o f the line scans along the 4 lines in Fig. 7.4. Constant values have been added 
to lines (b), (c) and (d) in order to make it easy to compare the results. This will not affect 
the result since we are only interested in the amplitude o f the fluctuations. The 
fluctuations along the line scan measured over the Si(100) substrate, line (a), do not 
exceed ±0.21 nm. However, for the case of Ge films, the fluctuation extreme limits 
increase to the values o f ±0.40, ±0.31, and ±0.65 nm around the main value for the cases 
o f deposition by 20, 70 and 220 laser pulses, respectively. Such increase in roughness is 
expected since epitaxy nucleation for the second and third layers starts before the 
completion o f the first one. Also, we have to consider the larger atomic size of the Ge as 
compared to Si, which is also expected to be responsible for part o f these fluctuations.
<L>
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FIG. 7.4. Line scans measured along the lines in Fig. 7.3. Lines (a), (b), 
(c), and (d) correspond to Fig. 7.3 (a), (b), (c), and (d), respectively.
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Figure 7.5 shows the line profiles o f the single cluster in Fig. 7.3(c) measured 
along the lines designated as x  and y. The profiles show that the cluster has lengths of 
-4 .8  and -4 .4  nm in the x  and y  directions, respectively, and a height o f -0 .7  nm 
(corresponding to -5  ML of Ge). These values result in a lateral aspect ratio, L (defined 
as major length/minor length), o f 1.1 and an aspect ratio, A (defined as major 
length/height), o f -6 .9 . This indicates that at the very early stages o f the cluster 
formation, the cluster grows laterally faster than vertically, as will be confirmed later. 
The cluster is seen to be a multi-faceted cluster with planes making different angles with 
the (100) substrate. Due to the error in calculating the angle, which is not expected to 
exceed 1°, for each single measured angle, there corresponds a set o f expected planes. For 
example, the left faceting plane o f the cluster in Fig. 7.5(a) makes an angle o f 18.3±1°. 
Therefore, within our error, the family o f planes {922}, {712}, {301}, and {903} are all 
possible. However, we only consider the facets with the smallest Miller indices, since 
they are the most stable facets; therefore, the {301} are only considered in the figure. The 
other plane identified as {801} makes an angle o f ~6.8±1°. For the profile along the y- 
direction, the faceting planes make angles o f 16.1±1°, 27.6±1°, and 28.6±1° with the 
(100) substrate and hence are identified as {702}, {613}, and {613}, respectively.
For the larger film thickness, deposited at 220 pulses, Fig. 7.3(d), the cluster 
enclosed in the white square is shown in Fig. 7.6(a). Line profiles along the x and y lines 
are shown in Figs 7.3(b) and (c), respectively. The profiles show that the cluster has 
developed a hut shape with major and minor lengths o f -3 .6  and -3.3 nm, respectively, 
and a height o f -2 .2  nm. These values result in a lateral aspect ratio and aspect ratio of
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-1.1 and 1.6, respectively. Although we cannot derive conclusions from comparisons of 
only two different clusters, it is clearly seen that the aspect ratio drops considerably.
Figure 7.7 shows the relation between aspect ratio and the height, h, o f the 
clusters in Fig. 7.3(d). The best fitting for the function is
yf = 1.152 + 9.070exp[-1.238/z]. (7.1)
The dependence o f the aspect ratio on the major and minor lengths, however, is shown in 
Fig. 7.8. The linear fit for the functions is
A = A0+ar], (7.2)
where r| stands for both lmm and lmaj, and the fitting values for A 0 are 2.082 and 0.2101, 
respectively, and for a are 0.2327 and 0.6741 nm '1, respectively. From these equations, 
the rate o f change o f the aspect ratio with respect to the height, dA! dh , is -1 1 .229e_1 238A 
nm '1 and the rate o f change with respect to the major length, d A /d lmaj, is 0.6741 nm '1.
Therefore, \dA! dh\ > \dA / dlmaj | , which indicates that the vertical growth of these clusters
is favored over the lateral one. As discussed in Chapter 4, this growth anisotropy may be 
attributed to the cluster’s internal strain. Increasing the lateral size is expected to result in 
increasing the internal strain due to the lattice mismatch. On the contrary, increasing the 
cluster’s height leads to more strain relief through the adjustment o f the lattice spacing in 
the growing layers, and, therefore, is favored over the lateral growth [1].
The lateral aspect ratio as a function of the clusters’ height is shown in Fig. 7.9. 
Small hut clusters are seen to be laterally asymmetric in shape. Such asymmetry 
decreases with the lateral size increase. The best fit to the data was found to have the 
form
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L = (-0.1865) + (5.540) exp[-(0.611 7 )/^  ] + (0.1885)/mn. (7.3)
The lateral aspect ratio asymptotically reaches 1, i.e. complete symmetry. To achieve 
such symmetry, adsorption to the shorter cluster side should be favorable over that to the 
longer one.
Since the clusters are multifaceted, the maximum faceting angle, 6max, o f the 
clusters’ faceting planes with the Si(100) substrate as a function o f the cluster’s height is 
shown in Fig. 7.10. The best fit function is the linear equation
6 = (31.26)+ (13.83)/*. (7.4)
Figure 7.11 presents major length (size) and height histograms of the clusters in 
Fig. 7.3(d). The best fit for both histograms is the Gaussian of the forms
F, =(0.8979) + (38.91) exp
for size distribution and
-0.5
L j ~  2.82 
0.8891
(7.5)




for the height. From these fitting functions, the most expected size and height are 2.82 
and 1.39 nm, respectively, while the FWHM for both distributions are 2.5 and 0.6 nm, 
respectively. Both distributions are considered narrow. The average density o f clusters as 
calculated over 200x200 nm areas, scanned over different locations within 2x2 mm area, 
is ~2.3xl0n cm'2. An interesting remark is that the clusters seen after the deposition by 
70 pulses, similar to that in Fig. 7.3(c), can nicely fit in both the size and height 
histograms o f Fig. 7.3(d). This might lead to the conclusion that, in this growth regime, 
some limiting force acts to limit the size and heights o f the clusters and favor nucleation
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FIG. 7.5. Line scans measured along the lines marked x  and y  across the 
QD in Fig. 7.3 (c).
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FIG. 7.6. (a) The QD enclosed by the square in Fig. 7.3(d), (b) line scan 
across x, (b) line scan across y.
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FIG. 7.8. Aspect ratio, A, o f the clusters in Fig. 7.3(d) as a function o f their 
major lengths, lmaj, (red circles) and minor lengths, lmin, (blue triangles).













FIG. 7.9. Lateral aspect ratio, L, o f the clusters in Fig. 7.3(d) as a function 
o f their minor lengths, /m,„.
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FIG. 7.10. Maximum faceting angle as a function o f clusters’ height.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
171















>■> 50 - 
a
S  40 - 





FIG. 7.11. (a) Major size histogram and (b) height histogram for the QD 
shown in Fig. 7.3(d). The most expected length, lm, the most expected 
height, hm, and both FWHM are indicated on the graphs.
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VI.4. Conclusion
The early stages o f formation of the Ge hut QD on Si(100) has been studied by 
UHV STM. Growth starts by the formation o f a very low density o f asymmetric huts with 
high aspect ratios. Further deposition results in a higher density o f clusters characterized 
by their narrow size and height distributions. These clusters are almost of the same lateral 
size as those deposited at lower thicknesses.
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APPENDIX A  
PULSED LASER DEPOSITION SYSTEM EQUIPPED WITH RHEED
A. 1. System design and components
The main components o f the system are shown in Fig. A .I. Images for the rest of 
the components will appear later in the operation description.
FIG. A l. Top view o f the PLD system showing the main components: (1) 
target holder, (2) convectron gauge, (3) ion gauge, (4) phosphor screen,
(5) sample (substrate) manipulator, and (6) RHEED gun.
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A.2. Pumping up and opening the system
1. Make sure that vent valve o f the turbo is closed, Fig A.2.
2. Turn ON the roughing mechanical pump, Fig. A.3; after few seconds turn ON the 
turbo pump, Fig. A.4.
3. Turn OFF the ion pump, Fig. A.5.
4. Close the butterfly valve to separate the ion pump from the chamber, Fig. A.6.
5. When pressure in the chamber reaches >10'7 Torr, open the right angle UHV valve 
slowly, Fig. A.7. (Caution: don’t open the valve all the way out).
6. Wait for a few minutes while the system is pumped by the turbo and the roughing 
pump.
7. Turn off the turbo and then the mechanical pump.
8. After a few seconds open the turbo vent valve, Fig. A.2, very slowly until the turbo 
stops and the chamber is completely filled by air.
9. Disconnect thermocouple and the direct heating connections, Fig. A.8
10. Unscrew the screws o f the 8” flange holding the sample manipulator, Fig. A.9.
11. Take the sample manipulator out, place it on a clean bench, Fig. A. 10, and close the 
open port with a plastic cap (Caution: be careful when taking the sample manipulator 
out. It should not be sharply bent in order not to hit it inside the chamber.
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FIG. A.2. Turbo pump with the vent valve highlighted by the circle.
FIG. A.3. Roughing mechanical pump.
FIG. A.4. Turbo pump controller: the circle highlights the ON/OFF button.
FIG. A.5. Ion pump controller: (1) ON/OFF button, (2) pressure, 
ionization current or voltage readout, (3) readout mode selector.




FIG. A.6. Butterfly valve manual control unit: clockwise closes, while 
anti-clockwise opens.
FIG. A.7. Right angle UHV valve.
FIG. A. 8. Substrate holder: (1) direct heating current connector, (2) 
Thermocouple connector.
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FIG. A.9. The 8” flange holding the substrate manipulator.
FIG. A. 10. Substrate manipulator: the circle highlights the direct current 
heated sample holder.
FIG. A .l 1. Direct current heated substrate holder.
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A .3. Cleaning and changing the substrate
1. Using a diamond scriber, cut Si wafer into substrates o f dimensions o f ~ 3 mm x 1 cm.
2. Clean the substrates, using the following method: The samples are dipped into a 
solution o f H2SO4 (97% wt): H2O2 (30% wt) = 4:1 (by volume) for 10 min, rinsed with 
ultra pure water for 10 min, then dipped into a solution o f HF (50% wt): H2O = 1:10 (by 
volume) for 1 min. Caution: HF is a very dangerous solution, avoid direct exposure 
to skin and do NOT inhale its fumes. Unused clean samples are stored under ethanol 
and are etched by HF just before being loaded into the chamber.
3. Take one o f the samples and lightly etch its surface by dipping it a few times in diluted 
HF.
4. Unscrew the screw holding the sample holder from the manipulator, Fig A .ll .  Figure 
A. 12 shows a schematic drawing o f the sample holder.
5. Unscrew the screws holding the clips and remove any installed sample.
6 . Install the new sample and put the thermocouple between the clips and the sample so 
that it firmly touches the sample’s surface.
7. Install the sample holder back to the manipulator. Make sure to measure the resistance 
of the sample and make sure that there is no short circuit anywhere.
8 . Install the sample manipulator back to the system and securely fastened all screws. 
Remember to change the gasket. Caution: Do NOT risk scratching the knife edge of 
the conflat flange when changing the gasket.
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FIG. A. 12. Schematics showing the design o f the directing heating substrate holder.
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A.4. Changing the target
Note: the target can serve many months, depending on the usage load. Therefore, you do 
NOT change it every time you change the sample. ONLY change it when required.
1. Unscrew the 8” flange holding the target holder, Fig. A. 13.
2. To remove the installed target, hold your fingers around the target, Fig. A. 14, and 
rotate it clockwise, then pull it out.
3. Place the target upside-down on a clean surface.
4. Using a heat gun, heat the target-holder interface for a few minutes until the “Torr 
Seal” completely cures and the target is detached from the base holder. You will need to 
heat the entire circumference uniformly by directing the heat gun to different areas.
5. Prepare and clean your target. The cleaning process depends on the target material. For 
Ge, wet a clean tissue with ethanol and place the Ge wafer upside-down, then rotate it 
gently on the wet tissue (Caution: DO NOT apply vertical pressure on the wafer).
6. Install the target holder base to its location and rotate it counter-clockwise.
7. Install the flange back and tighten all the screws.
Fig. A. 13. Magnetically rotated target holder.
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FIG. A. 14. Magnetically rotated target holder: (1) used Ge target, (2) 
magnetic shield.
A .5. Pumping the system down and bakeout the system
1. Make sure that you have installed new gaskets and tightly screwed all screws. Also, 
double check that the turbo vent valve is tightly closed. Remember; Make sure that the 
antiseize compound is applied to screws the first time they are used. Reapply 
compound every few months.
2. Turn on the roughing pump and turbo pump. Watch the speed and temperature of the 
turbo during pumping down.
3. When the turbo reaches its maximum pumping speed, turn ON the ion gauge, Fig. 
A .15, by selecting “UHV” using the mode selector. Press the “ 1” button to select the 
filament used in this chamber. Press “1/T 3” button to activate this filament.
4. When the pressure reaches the low 10‘4 Torr range, open the butterfly valve, Fig. A.6. 
Do so very slowly until the valve is all the way open. You should be watching the 
pressure at all times. Leave the whole system to be pumped by the turbo for 3-6 hours.
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5. When the pressure is in the 10'7 range (lower pressure is always better), tightly (but not 
too tight in order not to destroy the seal) close the right angle UHV valve, Fig. A.7.
6. Turn ON the ion pump, while watching the pressure. At the beginning, the pressure 
will go up before going down within several seconds. Observe the pressure for several 
minutes.
7. When the ion pump is operating normally, shut down the turbo pump, then shut down 
the mechanical pump.
8. Wait for a few hours. When the pressure reaches the low 10 8 Torr range, you may start 
baking the system. Surround the system with high power light bulbs and cover everything 
with aluminum foil, Fig A. 16. (Caution; before baking the system, make sure that it is 
not surrounded by anything that can be burned. Also, cover all mirrors and/or 
lenses that are very close to the system with aluminum foil. In doing so, be careful 
not to scratch them). The system should be baked for 12-24 hours. You have to watch 
the pressure during the early stages o f baking. It is normal for the pressure to increase by 
an order o f magnitude during baking. Monitor the chamber bakeout temperature with a 
thermocouple. It should be -150 °C.
7. During baking, the Si substrate should be kept at -300  °C.
8. After the baking period, turn off all the bulbs and remove the foil and leave the system 
to cool down. It may take several minutes to cool down to room temperature.
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FIG. A. 15. Ion gauge controller: the circle highlights the mode selector.
FIG. A. 16. Baking o f the system by high power bulbs and covering the 
system with aluminum foil.
A.6. Cleaning the Si(100) substrate to obtain the 2x1 reconstruction
1. After baking, wait until the system cools down and the pressure goes down to its 
minimum value, which should be ~ lxlO '9 Torr or better. During that time, keep the 
sample temperature the same as during baking, i.e. -300  °C.
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2. Start heating the sample gradually at a very slow rate by increasing the heating current 
until you reach -800  °C. Leave the sample at that temperature for a few hours. You have 
to watch the pressure at all times, keeping it in the 10‘9 Torr range.
3. Quickly flash the sample to 1100 °C for a few seconds, and then quickly bring the 
temperature back to -800  °C. I used to use the Leader power supply (18 V, 20 A) to heat 
the samples. For most o f the Si samples used, -8  A results in a temperature o f -800 °C, 
and the samples are flashed to a current o f 13-16 A. Please make sure to draw a 
temperature calibration curve, by drawing a relation between the heating power (= 
voltage x current) and the resulting equilibrium temperature.
4. You may need to repeat the flashing cycles several times, depending on the resulting 
RHEED pattern.
A.7. RHEED gun schematics and operation
The home-made electron gun that is used in this system is shown in Fig. A. 17. 
The main components o f the gun are shown in the figure. The electron gun control unit is 
shown in Fig. A. 18, while Fig. A. 19 shows schematics o f the potential divider circuit. 
Turn ON procedure:
1. Make sure that the high voltage is set to zero. Set the filament current to 2 A.
2. Turn ON the high voltage, the filament current, and the X- and Y-deflector power 
supplies.
3. Watch the pressure increase due to the increase in the filament current.
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4. After a few minutes start increasing the high voltage and the current very gradually 
until you reach the desired values. To avoid discharges do not exceed 14 kV.
5. Use the X and Y deflectors to manipulate the beam and to obtain a pattern o f the 
substrate.
Turn OFF procedure:
1. Decrease the values o f both the current and the high voltage gradually until you reach 
zero Volt and 2 A.
2. Turn off all power supplies.
FIG. A. 17. The home-made electron gun. (Top) back view showing the 
electrical connections. (Bottom) electron acceleration column. [A: anode, 
F: filament, N: ground, C: cup, X: x-deflector, Y: y-deflector, and U: 
focus].
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X - d c f l e c t o i Y-deflectoi
FIG. A. 18. Electron gun control unit, including high voltage power 
supply, potential divider, X and Y deflectors.
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FIG. A. 19. Schematics o f the high voltage potential divider.
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A.8. Nd:YAG laser operation
The Lumonics YAG Master 200 laser is shown in Fig. A.20. For laser 
specifications please refer to the laser manual.
Turn ON procedure:
1. Make sure that you and everyone within sight o f the laser is wearing laser eye 
protection.
2. Turn ON the external cooling city water supply, Fig. A.21.
3. Rotate the “red” mains to ON position, Fig. A.22. The cooler pump will start.
4. Allow at least 30 minutes for the coolant and the HGA ovens to reach the operating 
temperature.
5. Turn the ENABLE key switch on the control unit clockwise to the horizontal ON 
position, Fig. A.23.
6. After a delay of 5 seconds the power supply is enabled and the ON LED, Fig. A23, 
next to the key switch will light up indicating the start o f the flashlamp.
7. From the pockels cell divider buttons, push the button to deliver the requested 
frequency (by diving the default 50 Hz).
8. Using the “oscillator” flashlamp selector, choose the required value.
9. Press the shutter “OPEN” button.
10. Press the oscillator “ON” button; the flashlamp will begin to pulse.
11. Check, using an IR viewer, along the beam path that there are no unwanted 
reflections and that the beam is safely contained.
12. To momentarily stop the beam, simply press the OPEN shutter pushbutton.
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Turn OFF procedure:
1. Press the Oscillator OFF pushbutton and press the shutter CLOSE button.
2. Turn the ENABLE key switch to the vertical OFF position.
3. Leave the cooler pump ON for at least 30 minutes to cool down the system.
4. Switch OFF the cooler.
FIG. A.20. Lumonics YAG Master (YM) 200 laser system.
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FIG. A.21. External cooling water switch.
FIG. A.22. Mains power supply switch: (OFF) vertical position, (ON) 
horizontal position.





FIG. A.23. Local control unit.
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APPENDIX B 
PULSED LASER DEPOSITION SYSTEM EQUIPPED WITH 
SCANNING TUNNELING MICROSCOPE 
B .l . System design and components
Schematic diagrams o f the system are shown in Figs. 2.6 and 7.1, while Fig B .l is 
an image o f the real system showing the main components o f the system. Images for the 
rest of the components will appear later in the operation description. Remember that all 
UHV systems should be under vacuum at all times, even when not being used.
B.2. Pumping up and opening the system
I have designed the system such that the deposition chamber is kept under 
vacuum all the time. Any sample loading should be done via the custom-made load lock.
1. Make sure that the vent valve o f the turbo is closed, and then turn ON both the 
roughing and turbo pumps.
2. Close the gate valve, Fig. B.2, separating the deposition chamber from the bolt-on 
STM chamber. Make sure that the valve is tightly closed.
3. Wait 5-10 minutes for the pressure in the STM bolt-on increases.
4. Open the “Right angle UHV” valve, Fig. B.3, which connects the STM bolt-on to the 
turbo pump.
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FIG. B .l. Image o f the PLD system equipped with UHV STM. (1) 48” 
magnetic transporter, (2) air compressor to controls the gate valve, (3) 
power supply to heat the substrate, (4) bellow to move the transporter in X 
and Y directions, (5) home-made target rotator mount on a Z-translator, 
(6) 12” spherical deposition chamber, (7) ion pump, (8) ion pump 
controller, (9) convectom gauge, (10) turbo pump controller, (11) gate 
valve, (12) custom-made load lock, (13) Omicron bolt-on UHV STM 
chamber, (14) computer monitor to control the STM, (15) optics assembly 
to direct laser into the chamber, (16) shield to protect the system from the 
Nd:YAG laser.
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FIG. B.2. Gate valve. FIG. B.3. Right angle UHV valve
connecting the deposition chamber to the 
STM chamber.
5. After a few minutes, turn OFF both the turbo and the roughing pumps.
6. After a few seconds open the turbo vent valve, Fig. A.2, very slowly until the turbo 
stops and the chamber is completely filled by air.
B.3. Changing the samples
1. Open the 8” flange on the load-lock, Fig. B.4.
2. With one glove-covered hand (left hand recommended) reach for the tip/sample 
carousel, Figs. B.5 and B.6, and take it out o f the system.
3. Place the carousel on a clean holder.
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FIG. B.4. 8” flange on the load-lock. FIG. B.5. Tip/sample carousel in its
housing in the UHV STM bolt-on.
FIG. B.6. Carousel outside the chamber.
l i i i l i i i i i i
FIG. B.7. Directing heating sample holder.
(Illllls
FIG. B.8. Normal sample holder. FIG. B.9. Tip holder.
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4. Clean and prepare the samples before installing them in the proper sample holder.
5. For Si substrates, follow the cleaning procedure in section A.3. Then, load the Si 
sample into a direct heating sample holder, Fig. B.7. For samples that do not require 
direct heating, use normal sample holders, Fig. B.8.
6. Load the samples into the carousel. Tabulate the location o f each sample in the 
carousel compartments.
7. Load tips to the tip holders, Fig. B.9. Etched tungsten tips are recommended.
8. When all carousel compartments are filled, load it back to its place in the chamber.
9. Close the 8” flange after changing the gasket.
B.4. Pumping the system down and bakeout the system  
Important:
• Always, consult the Omicron manual for detailed instructions.
• Bring the PPM to its upper position before bakeout.
• Never leave a sample plate in the STM during bakeout.
• Switch OFF all units and remove all cables that are not necessary during bakeout.
• To avoid charge build up during bakeout, fit all electrical feedthroughs with their 
short circuit plugs. To do that, remove the connection cable from the Matrix 
control unit, Fig. B.10, and SPM preamplifier, Fig. B .l l ,  and replace them with 
the bakeout short circuit plugs, Fig. B.12.
• Maximum bakeout temperature is 170 °C.
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1. Make sure that you have installed a new gasket and tightly screwed all opened ports. 
Also, double check that the turbo vent valve is tightly closed. Use antiseize for screws.
2. Turn on the roughing pump and turbo pump. Watch the speed and temperature o f the 
turbo during pumping down the bolt-on and the load lock.
3. After 40-60 minutes, turn off the ion pump.
4. Open the right angle UHV valve connecting the deposition chamber to the turbo pump, 
Fig. B.13, and watch the pressure via the ion gauge, Fig A.15.
5. After ~20 minutes, open the gate valve to connect both chambers, while being pumped 
by the turbo.
6. After several minutes, the pressure should be in the low 10'6 or high 10'7 Torr ranges.
7. At the above pressure range, close both right angle UHV valves and turn ON the ion 
pump.
8. When the ion pump is operating normally, turn OFF the turbo pump, then shut down 
the mechanical pump.
9. Wait for a few hours. When the pressure reaches the low 10~8 range, you may start 
baking the system. Surround the system with high power light bulbs and cover everything 
with aluminum foil, Fig A. 16. (Caution: before baking the system, make sure that it is 
not surrounded by anything that can be burned. Also, cover all mirrors and/or 
lenses that are very close to the system with aluminum foil). The system should be 
baked for 12-24 hours. You have to watch the pressure during the early stages o f baking. 
It is normal for the pressure to increase by an order o f magnitude during baking.
10. Normally, I load two Si substrates in the carousel for deposition. You may load one 
o f them into the substrate holder, Fig. 7.2, and keep it at ~300 °C during baking. To
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transfer the sample from the carousel, Fig. B.5, to the substrate holder, use the 
wobblestick, Fig. B .l4. Be careful not to hit or destroy the STM head, while using 
wobblestick.
11. After the baking period, turn off all the bulbs, remove the foil and leave the system to 
cool down. It may take several minutes to cool down to room temperature.
12. NEVER disconnect the short circuit plugs and reconnect the control connections 
before the system cools down to room temperature.
FIG. B.10. (1) PPM, (2) connection to the FIG. B .ll .  SPM preamplifier.
Matrix control unit.
FIG. B .l2. Bakeout short circuit plugs. FIG. B.13. Right angle UHV valve
connected to the deposition chamber.
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FIG. B.14. Wobblestick.
FIG. B .l5. Matrix power switch.
B.5. Cleaning the Si(100) substrate
1. Use the Wobblestick to remove the sample to the direct heating stage, which is 
installed on the 48” magnetic transporter.
2. Follow the steps in section A.6.
3. If needed, repeat the above cleaning steps.
4. Using the wobblestick, move the sample back and forth between the deposition 
chamber and the STM stage to check whether more cleaning is needed. Remember to 
keep the PPM secure in the upper position.
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B.6. Starting the STM and tip approach
1. Lower the PPM all the way down and secure it by rotating it to the right or to the left.
2. Turn ON the Matrix by rotating the power switch clockwise to the ON position, Fig. 
B.16.
2. Log in to the computer using the username: matrix and no password.
3. Wait for ~1 minute until the communication between the PC and the Matrix is 
established via TFTPD32, Figs. B.16 and B.17.
4. Start Matrix software, Fig. B .l8.
5. Select “STM” mode, B.19. Then select “STM V-Spec” mode, Fig. B.20.
6. In the Matrix software interface, Fig. B.21, go to the Z regulation panel, Fig. B. 22, and 
enter the parameters that are suitable for the sample under study. For my Si(100) samples, 
the parameters in the figure are found to be suitable starting parameters. Remember: 
that you will need to change these parameters when you zoom in. You will need to 
tune the V-gap voltage, loop gain, and I-set point until you get the best images depending 
on your sample and on the scanned area.
7. Adjust the parameters in the XY scanner control panel, Fig. B.23. Always start with a 
large scan area (4-6 pm) and then zoom in to the smaller area o f interest. You will need 
to tune the “raster time” depending on your sample and the scanned area.
8. Use the Matrix remote box, Fig. B.24, to control the tip approach to the surface. Upon 
switching on the MATRIX CU the remote box display will come on and display the 
OMICRON logo together with the head that has been configured. Press DOWN to 
proceed to the BACK menu, i.e. scan piezo fully retracted and coarse positioning
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
202
functions active. Operate the ±X, ±Y, APPR (approach) and RETR (retract) coarse 
motion buttons (±F1 to ±F3) on the remote box. Turn regulator "SPEED" to the 
maximum (“ 10”). As the coarse steps are so small (40 nm to 400 nm at room 
temperature) you have to look closely to see the motion. Different directions normally 
have different speeds (up to a factor o f 3). When you are close to the sample reduce the 
step width and approach very slowly (speed of 3-4). Use the TV monitor to determine 
how close the tip is to the surface, Fig B.25.
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FIG. B.20. STM V-Spec mode selection, highlighted by the circle.
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FIG. B.22. Z regulation panel. FIG. B.23. XY scanner control.
FIG. B.24. Matrix remote box. FIG- B -25- TiP approaching the sample.
Attention: The software program must have already been started and the correct 
experiment loaded before starting any adjustment or tip approach! Otherwise, a tip crash 
may be the result. Also, make sure the PPM is at its lower limit, i.e. the coarse slider 
stage is unlocked.
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Attention: The apex of a good tip cannot be resolved in an optical microscope at "x 30" 
magnification, i.e. it is not visible with a CD camera. In other words, the tip is normally 
longer than it appears. If  you see the tip and its reflection from the surface touching, you 
have probably crashed the tip to the surface.
9. Use +Y/-Y buttons and adjust the tip position until the tip can be seen in front o f the 
sample on the CD camera screen. You have to carefully adjust the CD camera and light 
source such that the sample appears bright on the screen and the tip is dark. Note: this can 
be quite tricky! You have to play with the light source until you achieve that.
Attention: The tip reflection can only be seen on reflecting samples. For non-reflecting 
sample materials keep a safe distance.
10. When the tip is at a good distance from the surface, press AUTO to activate the auto 
approach. Always, set the SPEED to the max value o f 10 during the auto approaching 
process.
11. After a coarse approach the surface is only just in the reach o f the tip since the coarse 
step width (=0.2 pm) is smaller than the z-range o f the scanner (>1 pm). Hence the green 
tip shape o f the z-meter, Fig. B.21, in the MATRIX is close to the yellow region. In order 
to have piezo play in both directions during scanning the green tip shape in the software 
Z-meter display should be in the center between the red and yellow regions. To do that, 
follow the following steps:
i) On the remote box set SPEED to maximum.
ii) With the remote box in forward mode watch the software z-meter.
iii) If the green tip shape is closer to yellow, switch to BACKWARD and press 
APPR once.
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iv) If  the green tip shape is closer to red, switch to BACKWARD and press RETR 
once.
v) After each step switch to FORWARD and check the position o f the green tip 
shape.
vi) Stop this process when the green tip shape has reached a nearly central 
position between yellow and red, Fig. B.21. Now you are ready for data 
acquisition.
B.7. Starting the STM scanning and data acquisition
A continuous scan can be started after the tip is in tunneling distance o f the 
sample. Before you try to get small or atomic resolution you should start with large 
frames (> 300 nm x 300 nm) on flat samples.
1. In the scanner window choose the raster size (i.e. number o f points and lines) to be 
measured.
2. Select frame size, frame angle, frame position and raster period time.
3. In the regulator window select a current setpoint (consult table 9 on page 64 of 
Omicron manual for some guiding values).
4. Do not switch the range button with the tip in tunneling condition (FORW on remote 
box) as this causes preamplifier relays to switch. During switching the feedback loop is 
undefined, which may lead to a tip crash.
5. Set a loop gain setpoint (consult table 9 on page 64 o f Omicron manual for some
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guiding values).
6. In the Gap voltage window set a gap voltage (consult table 9 on page 64 o f Omicron 
manual for some guiding values).
7. Start a measurement.
8. Configure the online display to suit your needs.
9. Fine-tune the loop gain and possibly the current setpoint and gap voltage.
10. To start saving measurement data check the "Store" box in the Experiment Options 
window.
Useful rem arks:
If the obtained image does not match the expected surface structure, try adjusting 
the tunneling current by changing the feedback setpoint or polarity. Play with the 
parameters given on page 64 o f the Omicron manual. You may also want to try changing 
the scan area by adjusting the scanner’s X and Y Offset or even retracting and using the 
coarse motion drive.
The final solution may be changing the tip/tip material or the sample, or 
improving sample and tip preparation. Often additional methods along with UHV-STM 
operation are necessary for defining the surface condition.
STM imaging really needs patience. Sometimes, especially on relatively dirty 
samples, quality results are only obtained after a long period o f scanning and searching 
for a clean area o f the sample by adjusting the X and Y. Occasionally quality results are 
achieved at the first attempt. If this is not the case, leaving the instrument scanning a 
clean surface area unattended for a while may lead to a cleansing effect on the tip.
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B.8. Changing the tips
1. Make sure that the PPM is in its upper position.
2. Use the wobblestick to move any sample in the sample stage and store it in the
carousel.
3. Use the wobblestick to move the empty tip carrier (holder) from the carousel to the 
sample stage. Make sure that the carrier is fully at home in the sample stage. Do not force 
it in. If it does not go in smoothly, remove it and start over.
4. Use the Matrix remote box to move the current tip into the empty holder. Be careful 
not to crash the tip. Move the tip slow enough, stop from now and then, and try to 
maneuver the tip to the right and to the left in order for the tip out o f the holder.
5. Move the tip carrier to the carousel.
6. Fetch another tip carrier and load it into the sample stage.
7. Use the remote box to maneuver the tip down out o f the carrier.
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